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The LIM-homeodomain transcription factors play diverse roles in organogenesis in 
mice. Previous loss-of-function studies have shown that Lhxl (also known as Liml), a 
LIM-homeodomain transcription factor, is essential for the development of head, 
kidney, gonads, axon pathfinding of spinal motor neurons and proper positioning of 
retinal horizontal neurons during mouse embryogenesis. Co-expression of Lhxl and 
Lhx5, another closely-related LIM-homeodomain transcription factor, has also been 
detected in the cerebellar Purkinje neurons of mice during development. Double 
inactivation of Lhxl and Lhx5 in mice at embryonic (E) day 18.5 has demonstrated a 
loss of the Purkinje neuron layer, suggesting Lhxl and Lhx5 are essential for the 
differentiation program of Purkinje neurons. Lhxl and Lhx5 also co-express in 
postnatal differentiating and mature Purkinje neurons, but their functions remain 
i v 
unknown. 
To facilitate functional analysis of Lhxl in mouse cerebellum, this study aimed to 
generate the Lhxl-tau-GFP knock-in mouse (Z/2x/auGFP/+) via gene targeting of Lhxl 
locus and the manipulation of mouse embryonic stem cells (mESCs). Tau is a 
microtubule-associated protein and microtubules are known to be abundant in axons. 
Thus, the tau-GFP (Green Fluorescent Protein) fusion reporter gene product can be 
efficiently targeted to axonal processes. The tau-GFP reporter gene was placed under 
the control of the Lhxl promoter to trace the endogenous Lhxl expression. The 
tau-GFP-labelled Z/zx；-expressing cerebellar Purkinje neurons with their elaborate 
dendritic arbors were visualized in details using confocal laser scanning microscopy 
(CLSM). This Lhxl-tau-GFP mouse can serve as a powerful tool to study Lhxl 
functions in vivo by opening up opportunities for live cell imaging and real-time 
monitoring of the development, migration and morphology of the 1/2x7-expressing 
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Chapter 1 
Introduction 
1.1 Literature review on LIM-homeobox genes in mouse development 
1.1.1 LIM-homeobox genes 
Homeobox gene superfamily 
The LIM-homeobox genes represent a subfamily of the homeobox gene 
superfamily. The action of the homeobox genes were first discovered in 
Drosophila melanogaster, in which mutations of these genes resulted in 
striking phenotypes such as four-wingedness or a conversion of antennae 
into legs. These bizarre transformations of a particular body part with 
another were named “homeotic mutations" or "homeosis" and the genes 
responsible were thus named “homeotic genes" (Bateson, 1894; Lewis 1978). 
Homeotic genes were later found to be present in all major eukaryotic model 
organisms ranging from yeast, higher plants to mammals (Burglin 1988; Li 
et al., 1995; Melzer and Theissen 2009; Mukherjee et al. 2009; Snow 1986) 
and they share a characteristic 180-bp DNA sequence known as the 
homeobox, which codes for the typical 60-amino acid homeodomain (HD). 
The 3-dimensional solution structure of the HD from the famous Drosophila 
homeobox gene Antennapedia {Antp), which is responsible for the drastic 
antenna-to-leg mutation, was determined to possess 3 a-helices with the 
latter two folded into a helix-turn-helif (HTH) conformation (Otting et al.’ 
1988; Billeter et al., 1990). The third a-helix and the flexible N-terminal arm 
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are critical for making contact with specific DNA bases in both the major 
and minor grooves respectively (Otting et al. 1990; Gehring, 1993), 
suggesting the HD is required to confer fundamental DNA-binding 
specificity for homeobox gene functions (Hanes and Brent, 1989; Ekker et al. 
1994). The core consensus DNA motif for all the HD proteins binding 
appears to be TAAT/ATTA, despite each homeobox gene subfamily has its 
own additional consensus-binding motif (Draganescu et al. 1995). The HD 
can bind target DNA in monomeric, homo- or heterodimeric fashion. 
The homeobox genes are classified by both the sequence similarity in the 
HD and the additional conserved domains conferring DNA-binding 
specificity and /or platforms for interaction with other cofactors to form 
multiprotein transcriptional complex. The presence of the protein-protein 
interaction domains in some HD proteins has been suggested to increase the 
DNA-binding specificity, and to confer functional specificity by 
cooperatively interacting with different proteins (Beachy et al. 1993; Xue et 
al. 1993; Bach et al. 1997).The animal homeobox genes superfamily can be 
broadly divided into many subfamilies of homeobox genes with additional 
conserved domains outside the homeobox, including HOX, LIM, MSX, 
PAX, PRD, POU, SIX, OTX, CDX, TALE and HOM-C classes homeobox 
genes (Scott et al. 1989; Scott 1992; Burglin 1997; Holland and Takahashi 
2005). 
Since the HD proteins can bind to specific DNA sequences and interact with 
other proteins to regulate transcription in a tissue-specific manner. III) 
proteins represent an important group of transcription factors in a plethora of� 
developmental processes including various cell-type specification programs 
and cellular activities like proliferation, coordinated shape change, migration, 
adhesion, programmed cell death (PCD) and terminal differentiation. In 
addition, the high degrees of structural conservation in homeobox genes, and 
the presence of functional homologs across different phyla, have implied the 
existence of related set of master regulators playing part in conserved 
genetic circuitries controlling development (Gehring, 1998). 
The LIM proteins family 
The LIM domain was first discovered as a conserved structural motif from, 
and hence named after the acronym of, the three animal homeobox genes 
lin-11 from Caenorhabditis elegans, islet-1 from rat and mec-3 also from C. 
elegans (Freyd et al. 1990; Karlsson et al. 1990; Way and Chalfie, 1988). 
Apart from the animal models, the LIM domain-containing proteins, or LIM 
proteins in short, were also isolated from a wide range of metazoans from 
ascidians to human (Bach, 2000). The LIM domain consists of two tandem 
repeats of zinc-finger motif which are cysteine-histidine rich (Freyd et al. 
1990; Dawid et al. 1998; Jurata and Gill, 1998). The solution structure of the 
C-terminal LIM domains of CRPl, CRP2 and CRIP first demonstrated their 
structural resemblance to the DNA-binding domain of GATAl (Perez -
Alvarado et al. 1994，1996), but subsequent studies have shown that the LIM 
domain is responsible for mediating protein-protein interactions rather than 
DNA-binding, thus conferring functional specificity in regulating 
downstream target genes in a combinatorial fashion (Feuerstein et al. 1994; 
Schmeichel and Beckerle, 1994; Arber and Caroni, 1996). 
Structure of the LIM-homeobox genes 
The LIM-homeobox genes represent a large subfamily of the homeobox 
genes and they encode the largest group of LIM proteins, the LHX proteins 
(Dawid et al. 1998). The homeodomains (HD) in the LHX proteins were 
found to be significantly more conserved than those in other HD proteins 
(Robert and Westphal 2000). Together with the evidence that the overall 
architecture of the conserved domains for LHX proteins is highly similar, 
and that the first LIM domain in the LHX proteins is more similar to one 
another than to its own second LIM domain, a common ancestor for all 
LIM-homeobox genes has been proposed and the variety of LIM-homeobox 
genes is suggested to be evolved by one recombination event between the 
HD and LIM domains (Dawid et al. 1995; Robert and Ruvkun 1998). In 
addition, the mouse LIM-homeobox genes often occur in closely related 
pairs, in terms of sequence similarity, expression patterns and functions, 
implying that a gene duplication event may be responsible for the evolution 
of LIM-homeobox genes in mammals during evolution (Hunter and Rhodes, 
2005; Zhao et al. 2006a). 
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The common structural features of LIM-HD proteins are the two tandem 
LIM domains located near the N-terminus and a homeodomain which is 
C-terminal to the LIM domains (Robert and Westphal 2000). Based on the 
homeodomain sequence similarity, the phylogenetic tree of the animal 
LIM-homeobox genes has been constructed using the neighbour-joining 
method (NJ) and the genes can be classified into 6 major groups (Robert and 
Westphal 2000). Since each clustered group of animal LIM-homeobox genes 
contains both the invertebrate and vertebrate orthologs with no exception, a 
strong selective pressure is suggested to preserve these genes during 
evolution (Robert and Westphal 2000). 
1.1.2 Mouse Lhxl gene and development 
Genomic structure 
The mouse Lhxl gene is located at chromosome 11 and consists of five 
exons spanning around 6 kb, in which the sizes of first and fifth exons are 
found to be significantly above average vertebrate exon (Hawkins, 1988; 
Fujii et al. 1998; Figure 1). The first exon contains the 5' untranslated region, 
the translation initiation codon and the first LIM domain, while the second 
exon contains the second LIM domain, the single homeodomain is split into 
the third and fourth exons and the fifth exon contains the translation stop 
codon and the 3' untranslated region (Li et al. 1999).The predicted 406 
amino acid product of the Lhxl cDNA is 93% identical to its Xenopus 
homolog Xliml, which is famous for its axis induction ability as an 
5 
LIM domains Homeodomain 
ATGI I I 1 
I n _ _ * 
EHD IHH^ 
Figure 1. The structure of mouse Lhxl gene. The 5 exons are indicated by 
boxes. Introns are represented by the lines connecting the exons. The thinner 
hatched boxes indicate the 5’ and 3' untranslated regions (UTRs) 
respectively. The first (I) and second (II) LIM domains are contained in exon 
1 and exon 2 respectively while the homeodomain is split into exon 3 and 
exon 4 respectively. The asterisk indicates the translation stop codon. 
(modified from Li et al. 1999) 
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organizer-specific transcription factor, and is greater than 97% identical to 
its human homolog LHXl (Fujii et al. 1994; Fujii et al. 1998; Barnes et al. 
1994; Taira et al. 1992; Taira et al. 1994; Dong et al. 1997). The overall 
exon-intron structure of human LHXl is also identical to the mouse Lhxl, in 
which the two LIM domains are contained in the first two exons respectively, 
and the single homeodomain is split into the third and fourth exons, 
suggesting a close relationship between the mouse Lhxl and the human 
LHXl (Bozzi et al. 1996). 
Spatial and temporal expression pattern 
(1) Before and during gastrulation 
In mouse, the LIM-homeobox gene 1 {Lhxl) represents a key master 
regulator in a plethora of developmental processes, including the 
establishment of the early body plan. The mouse Lhxl gene starts its early 
expression in the visceral endoderm, which is an extraembryonic tissue 
lining the embryonic epiblast cells in the cylindrical mouse gastrula (egg 
cylinder), as early as at E5.5 (Belo et al. 1997; Perea-Gomez et al. 1999). 
Lhxl expression is progressively restricted in the visceral endoderm and is 
later localized in a specialized region called the anterior visceral endoderm 
(AVE). The AVE is a functionally significant organizing centre for the mouse 
gastrula. It is formed by the unilateral migration of the distal visceral 
endoderm (DVE) from the embryo distal end towards the proximal 
embryonic-extraembryonic junction, where it lies in the future anterior end 
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of the embryo and hence its name (Tarn and Loebel 2007). The formalion ()r 
AVE is essential to convert the proximal-distal (P-D) polarity to the 
anterior-posterior (A-P) polarity and thereafter, the left-right polarity 
(Thomas et al. 1998; Tarn and Behringer 1997). The AVE is also shown to be 
an essential signaling centre for early anterior patterning of mouse embryo 
and the subsequent development of head structures, thus AVE is also known 
as the head organizer in mouse embryogenesis (Bouwmeester and Leyns 
1997; Beddington and Robertson 1999; Bachiller et al. 2000). In E6.5 
embryos, Lhxl is expressed in both the AVE and in a small epiblast-derived 
region where the primitive streak starts to form as a thickening at the embryo 
future posterior end (Shawlot and Behringer 1995; Perea-Gomez et al. 1999). 
The primitive streak formation at around E6.75 is a hallmark process in 
mouse embryogenesis, since it marks the onset of mouse gastmlation, where 
morphogenetic cellular movements take place over the next two days 
through this transient structure and result in the three embryonic germ layers: 
ectoderm, mesoderm and endoderm (Downs and Davies 1993; Tarn and 
Behringer 1997). At E7.5, the expression continues in the nascent elongating 
primitive streak towards its anteriormost end, where the node is formed, and 
the nascent mesoderm from both sides of the primitive streak (mesodermal 
wings), later in the axial mesoderm, which is the presumptive head portion 
(Barnes et al. 1994; Shawlot and Behringer 1995; Perea-Gomez et al. 1999). 
In E8.5 early somite-stage embryo (where body segmentation is visible as 
somites are formed, Downs and Davies 1993), Lhxl is expressed in the 
notochord (which will induce the formation of neural tube) and the 
presumptive lateral and intermediate mesoderm adjacent to the nascent 
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somites, and this expression continues to be more spatially restricted in the 
intermediate mesoderm, which will give rise to the urogenital system, 
beyond gastrulation (Barnes et al. 1994; Fujii et al. 1994). 
(2) During organogenesis 
After gastrulation, the Lhxl expression continues to be dynamic, that is, 
highly regulated, in the developing urogenital system and the central nervous 
system (CNS). By El0.5, Lhxl expression in the intermediate mesoderm has 
been progressively restricted to the nephric duct, which will differentiate 
into the Wolffian duct (mesonephric duct), which is the primordium of the 
male reproductive tract, and the mesonephric tubules (Barnes et al. 1994; 
Fujii et al. 1994). The mouse definitive kidney (metanephros) starts to 
develop at E l l , and Lhxl continues to be expressed in the metanephrogenic 
tissues (kidney-forming) including the ureteric buds (UB) and their 
surrounding aggregates, known as the metanephric mesenchyme-derived 
tissues, as well as the nearby Miillerian duct which can give rise to the 
female reproductive tract (Saxen 1987; Kobayashi et al. 2003). Starting from 
El4.5, Lhxl expression becomes sexually dimorphic in the developing 
reproductive tracts of the both sexes, in paraellel to the regression of the 
reproductive tract of the opposite sex (Kobayashi et al. 2003). For female 
embryos, the expression in the Miillerian duct continues to be restricted only 
to the presumptive oviduct and is downregulated to absence beyond El7.5, 
meanwhile in the male embryos, the expression is being downregulated, 
fragmented and eventually absent in the Miillerian duct, but is upregulated in 
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the Wolffian duct-derived epididymis and vas deferens at El7.5 (Kobayashi 
et al. 2003). In parallel to the developing urogenital system, Lhxl also starts 
to be widely expressed in the developing CNS between E9.5 and El0.5, 
namely, the forebrain, midbrain, hindbrain and the dorsolateral spinal cord 
(Barnes et al. 1994; Fujii et al. 1994). 
(3) Late embryonic stages and adulthood 
Lhxl expression continues in the CNS during neurogenesis starting at E10.5, 
and this expression persists to adulthood in restricted areas of the cerebellar 
cortex, medulla oblongata, as well as in the kidney (Barnes et al. 1994). In 
the developing spinal cord at E10.5 and El 1.5, Lhxl is expressed in the 
postmitotic neurons which will give rise to spinal intemeurons, and motor 
neurons subsets innervating the limb muscles, respectively (Kania et al. 
2000; Pillai et al. 2007). In the developing cerebellum, onset of Lhxl 
expression is detected at El2.5 and is progressively restricted to the 
emerging Purkinje cell layer (PCL), and this spatial expression remains in 
the mature PCL in P56 adult cerebellum (Lein et al. 2007). In the developing 
retina, Lhxl expression is again restricted to a developing subset of 
intemeuron, known as the horizontal cells, from E14.5 and persists to 
adulthood (Liu et al. 2000; Poche et al. 2007). The mature retinal horizontal 
cells establish afferent synaptic connections with photoreceptors and relay 
sensory information to the retinal bipolar cells. The migration of horizontal 
cells to their fated single layer, which is essential for their further 
differentiation, is not completed until birth (PO) and Lhxl expression 
1 0 
remains during this protracted period (Liu et al. 2000; Poche el al. 2007). 
Functional analysis 
Given the wide spatial and temporal expression of Lhcl, its loss-of-function 
mutation by gene targeting has resulted in several phenotypes, including the 
most striking headless phenotype at E9.5 marked by the truncation of head 
structures just anterior to rhomobere 3 of the hindbrain with a normal body 
axis (Shawlot and Behringer 1995). Lhxl knockout mice died by E10.5 
(around mid-gestation) as indicated by maternal uterine resorption and 
absence of viable embryos hereafter, only a few escapers (four in more than 
1000 pups) could be delivered as stillboms with an absence of anterior head 
structures, kidneys and reproductive tracts (Shawlot and Behringer 1995). 
The cause of embryonic lethality is most probably the fusion failure between 
the shorter and distended allantois, which is the umbilical precursor, and the 
chorion, which contributes as the embryonic component of the placenta for 
embryo survival (Shawlot and Behringer 1995). The genetic background has 
been reported to be an influential factor for the rare Lhxl null escapers to be 
delivered as stillboms but the mechanism remains unclear (Kobayashi et al. 
2003). Due to the embryonic lethality well before the formation of the 
missing structures and organs, more sophisticated approaches have been 
adopted to elucidate the roles of Lhxl in mouse development, including 
chimeric embryo analysis, homotopic cell transplantation assays coupled 
with cell lineage tracing, and cell-type specific conditional knockout via 
cre/loxP technology (Shawlot et al. 1999; Hukriede et al. 2003; Tarn et al. 
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2004; Kwan and Behringer 2002), which will be further discussed below. 
(I) In early embryonic stages 
Mouse embryos homozygous for Lhxl null mutations lack anterior head 
structures, but retain a normal body trunk and tail, demonstrating that Lhxl 
is required for anterior head structures development and its role as an 
essential regulator of the head organizer AVE, but it appears to be 
independent of trunk and tail patterning (Shawlot and Behringer 1995). To 
elucidate the site of action of Lhxl in anterior head development, chimeric 
embryos composed of both Lhxl''' cells and wild-type Lhx严 cells were 
analyzed (Shawlot et al. 1999). The chimeric embryos in which the 
embryonic tissues were mainly derived of Lhxl''' embryonic stem cells 
showed anterior defects identical to the Lhxl knockout embryos at E9.5, and 
were lack of anterior neural maker Otx2, thus showing that Lhxl is required 
in the embryonic primitive streak-derived tissues for anterior head formation 
(Shawlot et al. 1999). In a complementary manner, the chimeric embryos in 
which the extraembryonic tissues were mainly derived of Lhxl''' cells, 
despite a high contribution of wild-type cells in the embryonic tissues, still 
phenocopied the Lhxl null embryo at E9.5 (Shawlot et al. 1999). These 
results demonstrated that Lhxl is required in both embryonic primitive 
streak-derived tissues and the extraembryonic AVE for anterior head 
formation in mice (Shawlot et al. 1999). In addition, mice homozygous for 
mutations of both LIM domains of the Lhxl gene, in which the zinc finger 
structures have been disrupted, phenocopy Lhxl knockout mutants with 
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absence of anterior head structures, despite a normal Lhxl expression pattern 
in transcription and translation level, thus demonstrating the requirement of 
intact LIM domains for Lhxl function in mouse head development (Cheah et 
al. 2000). 
Cell transplantation assays in early embryos using genetically labeled Lhxl''' 
cells have provided further evidence for Lhxl action during gastrulation. 
Lhxl''' cells, being homotypically transplanted to equivalent sites in Lhx严 
wild-type embryos, displayed disturbed migrations and localizations which 
are essential to properly position the head-forming tissues for head 
morphogenesis (Hukriede et al. 2003). In addition, the expression of paraxial 
protocadherin (PAPC), which is a secreted protein involved in cell 
movement during gastrulation, is absent in Lhxl''' embryo as early as E7.5, 
and that overexpression of PAPC could rescue Xliml knockout phenotypes 
in Xenopus (Kim et al. 1998; Hukriede et al. 2003). These results suggest 
that during gastrulation in early mouse embryo, Lhxl is upstream of PAPC 
to regulate cell movements for head morphogenesis. 
(2) In kidneys and reproductive tracts 
Apart from the headless phenotype, the Lhxl knockout neonates also lack 
parts of the urogenital system, including the definitive kidneys, ureter, male 
and female reproductive tracts, but retain normal appearing testes or ovaries, 
thus showing an important role of Lhxl during development of those missing 
structures (Shawlot and Behringer 1995; Kobayashi et al. 2004). In mouse, 
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the urogenital system precursor tissues are derived from the intermediate 
mesoderm. Heterotopic cell transplantation assays revealed that Lhxl''' 
epiblast cells can successfully colonize the urogenital precursor tissues but 
fail to fully express the tissue-specific markers Pax2 and Hoxb6, resulting in 
defective differentiation of these tissues into the urogenital system (Torres et 
al. 1995; Tsang et al. 2000). In addition, the Lhxl ''' epiblast cells fail to 
respond to the wild-type tissue environment, of which the interactions 
account for normal developmental plasticity, thus demonstrating the 
cell-autonomous requirement of Lhxl function for intermediate mesoderm 
differentiation (Tsang et al. 2000). 
Since Lhxl continues to be expressed in metanephrogenic tissues during 
metanephros formation, and Lhxl knockout mice lack metanephros, 
experimental strategy employing the conditional knockout of Lhxl in a 
tissue-specific manner has been used to elucidate its function in 
metanephrogenesis (Kwan and Behringer 2002; Kobayashi et al. 2005). The 
formation of the metanephros requires the reciprocal interaction of the two 
metanephrogenic tissues: the ureteric bud (UB) and metanephrogenic 
mesenchyme (MM) in a sequential manner. To achieve tissue-specific 
knockout of Lhxl in these two tissues, a conditional null allele of Lhxl was 
generated by flanking the entire coding region with two loxP sites (floxed), 
thus can be deleted upon action of the UB-specific Cre recombinase, the 
Hoxb7-Cre, and the MM-specific Cre recombinase, the Rarb2-Cre, 
respectively (Kwan and Behringer 2002; Yu et al. 2002; Kobayashi et al. 
2005). Loss of Lhxl activity in the UB results in retarded UB growth, 
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whereas loss of Lhxl activity in the MM disrupts the initial patterning oflhc 
renal vesicles, which are the precursor tissues for the complicated structure 
of the nephrons, the functional unit of the kidney (Kobayashi et al. 2005). 
This disruption in renal vesicle patterning blocks the subsequent 
nephrogenesis and results in absence of nephrons in the hypomorphic 
metanephoi (Kobayashi et al. 2005). Taken together, these results have 
delineated the tissue-specific, functional requirement of Lhxl for definitive 
kidney organogenesis. 
In developing mouse embryo, the primordia for both male and female 
reproductive tracts, namely, the Wolffian duct and the Miillerian duct, are 
transiently present next to each other until sexual dimorphic differentiation 
occurs, where the particular primordium according to the genetic sex will 
persist and further differentiate whereas the primoridum of the opposite sex 
will regress (Dyche 1979). The male reproductive tract is composed of the 
epididymis, vas deferens and the seminal vesicle, whereas the female 
reproductive tract is composed of the oviducts, uterus, cervix and vagina. 
The formation of the Wolffian duct, which is derived from the nephric duct, 
is initiated at E9, which is well before the formation of the Miillerian duct at 
El 1.5. Since the Lhxl null stillborns lack the male, or female reproductive 
tract, this agenesis indicates the functional requirement of Lhxl in 
reproductive tract development. By a sophisticated female chimera assay, in 
which the female chimeras were genereated using XO ES cells 
(spontaneously derived from XY ES cells), Lhxl''' cells failed to give rise to 
Mullerian duct epithelium, thus demonstrating the cell-autonomous 
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requirement of Lhxl activity in epithelial development of the female 
reproductive tract (Kobayashi et al. 2003). Nephric duct-specific ablation of 
Lhxl activity by Hoxb7-Cre also results in absence of nephric duct 
epithelium, which leads to the agenesis of most of the male reproductive 
tract (Kobayashi et al. 2005). Taken together, these loss-of-function studies 
have demonstrated the fundamental roles of Lhxl as the master control gene 
in the mouse urogenital system. 
(3) In spinal cord 
In mouse, the limb muscles are innervated by the motor neurons that reside 
in the lateral motor column (LMC), which is located in the ventral horn of 
the spinal cord. The lateral subset of these LMC neurons, known as the 
LMC(l) neurons, project their axons exclusively to the dorsal branch of the 
bifurcated motor nerve in the limb, and these LMC(l) neurons specifically 
express Lhxl (Kania et al. 2000). Using chimeras derived from both the 
Lhxl''' cells and Lhxl來 cells to bypass the embryonic lethality, Lhxl is 
shown to be required by LMC(l) neurons to faithfully select the dorsal 
axonal trajectory, but not the ventral axonal trajectory, to their target limb 
muscle, since Lhxl deficiency in these neurons results in the randomized 
binary choice (Shawlot et al. 1999; Kania et al. 2000). In addition, the axons 
of the Lhxl null LMC(l) neurons fail to extend into the distal part of the limb, 
suggesting that Lhxl is also required for their axonal extension into the distal 
limb (Kania et al. 2000). 
Apart from the axon pathfinding of the spinal LMC(l) neurons, Lhxl has 
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also been shown to regulate another important aspect of neuronal 
differentiation program in the mouse spinal cord, which is, the specific 
neurotransmitter status, together with the closely related Lhx5 gene (Pillai et 
al. 2007). The dorsal horn of the spinal cord accommodates interneurons that 
process and relay somatosensory (thermal, touch and nociceptive) 
information to the brain, and these interneurons can be broadly and 
functionally divided into the excitatory subclass, which primarily synthesize 
glutamate as neurotransmitter, and the inhibitory subclass, which primarily 
synthesize GABA (y-aminobutyrate) and/or glycine as neurotransmitter 
(review by William 2007; Azkue et al. 1998; Malcangio and Bowery 1996; 
Kerchner et al. 2001). Single conditional knockout of either Lhxl or Lhx5 by 
the nervous system-specific Nestin-Cre do not result in any defect in the 
spinal cord, but double conditional knockout of both genes results in the 
downregulation of Pax2 in dorsal horn intemeuron subset starting from 
El2.5, followed by the severe loss of the two GABAergic (thus inhibitory) 
intemeuronal markers Viaat and Gad I, starting from E14.5 (Pillai et al. 
2007). These results have demonstrated the functional requirement of both 
Lhxl and Lhx5 to consolidate Pax2 expression, which is essential for 
maintenance of the GABAergic differentiation phenotype of a subset of 
dorsal horn interneurons (Cheng et al. 2004; Pillai et al. 2007). 
(4) In cerebellum 
Apart from the spinal GABAergic interneurons, Lhxl and Lhx5 have also 
been shown to be required to regulate the differentiation of another type of 
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GABAergic neurons in the central nervous system, the cerebellar Purkinje 
neurons (Zhao et al. 2007). The Purkinje neurons generate the sole eiferent 
output from the cerebellar cortex to the deep cerebellar nuclei, which in turn 
project to the nuclei of thalamus and brainstem to control movement and 
posture (Voogd and Glickstein 1998). The birth of Purkinje neurons and their 
postmitotic migration commence between E l l and El3, which is well after 
the Lhxl null embryonic lethality by El0.5 (Goldowitz and Hamre 1998; 
Shawlot and Behringer 1995). Single conditional knockout of Lhxl by the 
Engrailed-1 Cre, which is mid-hindbrain specific, and single targeted 
deletion of Lhx5, do not result in any defect in the developing cerebellum, 
but double conditional knockout of both genes by Engrailed-1 {Enl) Cre 
results in complete absence of Purkinje neurons in the hypomorphic 
unfoliated cerebellum at El8.5 (Wurst et al. 1994; Zhao et al. 1999; Zhao et 
al. 2007). However, apart from Purkinje neurons, Lhxl丨5 double conditional 
knockout does not affect the development of other cerebellar GABAergic 
neurons, including the basket and stellate intemeurons, thus demonstrating 
the Purkinje neuron-specific requirement of Lhxl/5 in neuronal 
differentiation in the developing cerebellum (Zhao et al. 2007). 
(5) In retina 
In mouse retinogenesis, the pool of multipotent retinal progenitor cells 
(RPCs) give rise to the seven major neuronal subtypes which comprise the 
retinal circuitry in the highly organized cytoarchitecture, namely, the rod and 
cone photoreceptors in the outer nucleus layer (ONL), four subtypes of 
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interneurones including the horizontal cells (HCs) in the inner nucleus layer 
(INL), plus the ganglion cells which send out axons to the brain and the 
Miiller glial cells in the ganglion cell layer (GCL), the latter of which are 
recently shown to have the potential to regenerate other neuronal cell types 
after retinal damage (Marguardt and Gruss 2002; Karl et al. 2008). To 
achieve this intricate lamination, correct positioning of functionally distinct 
neurons is essential, and Lhxl is the first reported transcription factor to 
direct the postmitotic differentiating horizontal cells to their proper position 
in this regard (Poche et al. 2007). Using a retina-specific Cre recombinase, 
the ChxlO-Cre, Lhxl activity is mosaically ablated in the HC populations, 
resulting in ectopically positioned Lhxl''' HCs in the inner INL among the 
amacrine cells, in contrast to the normally positioned Lhx严 HCs in the 
outer INL in the postnatal retina (Poche et al. 2007). These results have 
demonstrated the cell-autonomous requirement of Lhxl for correct 
positioning of differentiating HCs in the developing retina. 
Interacting factors 
As the N-terminal LIM domains in the LIM-HD proteins have been shown 
to function as a specific protein-binding interface, thus enabling formation of 
multiprotein complexes to activate transcription, effort has been spent to 
identify and characterize the factors that interact with Lhxl (Feuserstein et al. 
1994; Schmeichel and Beckerle 1994). In vitro or in vivo binding assays 
have shown that the LIM-domain binding factor 1 (Ldbl, also known as Nli 
or Clim2), which is nuclear localized, specifically binds to LIM-HD proteins, 
1 9 
including Lhxl, and LMOs of group 1 LIM proteins, but not to group 2 and 
3 LIM proteins (Agulnick et al. 1996; Jurata et al. 1996). Furthermore, the 
LIM-binding domain is contained in half the full-length Ldbl (375 amino 
acid residues) in the C-terminal portion and can bind best with tandem, 
rather than single, LIM domains (Breen et al. 1998). In addition to the 
LIM-binding speiciflcity, Ldbl can also homodimerize through its 
N-terminal half, thus allowing for the assembly of a tetramer complex 
consisting of two LIM-HD proteins bridged by two Ldbl proteins, or recruit 
more transcriptional activators for LIM-HD protein functions (Breen et al. 
1998; Jurata and Gill 1998). Genetic data supporting the cofactor role of 
Ldbl for Lhxl function have been provided by the Ldbl knockout mice, 
which also die around mid-gestation (between E9.5 and ElO) and show 
severe anterior head defects similar to the Lhxl knock mice, as well as the 
loss of Purkinje neurons in the Ldbl conditional knockout mutant 
cerebellum (Mukhopadhyay et al. 2003; Zhao et al. 2007). 
Another interacting factor of Lhxl, though indirectly via the Ldbl cofactor, 
has been identified from the mouse mutant headshrinker Qisk), which shows 
defects in anterior head structures resembling the Lhxl and Ldbl single 
knockout mutants (Nishioka et al. 2005). This protein factor is the 
single-stranded DNA-binding protein 1 (Ssdpl), and it is able to bind 
specifically to Ldbl, as well as to enhance the Lhxl-Ldbl-dependent 
transcription activation activity in a dose-dependent manner in mammalian 
cells (Chen et al. 2002; Nishioka et al. 2005). Loss-of-function studies using 
Ssdpl mutant mice have not only revealed the requirement of the 
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prolinc-rich domain for Ssdpl functions in mouse anterior head development, 
but also further confirmed the role of Ssdpl as a critical activator component 
in the ternary Lhxl-Ldbl-Ssdpl complex (Enkhmandakh et al. 2006; 
Nishioka et al. 2005). 
1.1.3 Mouse Lhx5 gene and development 
Genomic structure 
The mouse Lhx5 gene (also known as Lim2) is located at central region of 
chromosome 5 and consists of five exons spanning over 10 kb (Bertuzzi et al. 
1996). The overall genomic structure of Lhx5 is highly similar to that of 
Lhxl, in which the two LIM domains are contained by the first and second 
axons, respectively, the single homeobox is split into the third and fourth 
exons, and the presence of 5' and 3' untranslated regions in the first and fifth 
exons respectively (Bertuzzi et al. 1996; also see Figure. 11 in section 3.4.1). 
One unique structural feature of Lhx5 is that its 3' untranslated region 
contains 37 repeats of GA TC (homopurine-homopyrimidine repeats) which 
may be involved in translational control (Bertuzzi et al. 1996; Sheng et al. 
1997). In addition, the predicted 402 amino-acid product of the Lhx5 cDNA 
is 85.5% identical to its Xenopus homolog Xlim5, but mouse Lhd 15 genes 
are strikingly conserved, in which the first and second LIM domains of the 
two gene products are 92.3% and 92.8% identical, and their homeodomains 
are even 100% identical, suggesting a very close relationship between the 
Lhxl丨5 genes (Sheng et al. 1997). 
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Spatial ami temporal expression pattern 
(1) In early and middle embryonic stages 
In mouse, the LIM-homeobox gene 5 {Lhx5) is a closely related 
LIM-homeobox gene of Lhxl (Robert and Westphal 2000). Despite the high 
degree of sequence homology，the two genes Lhxl 15 also show striking 
similarity in their expression patterns in mouse embryo, as well as in the 
adulthood (Sheng et al. 1997; Lein et al. 2007). As early as at E8.0, Lhx5 
expression is detectable in the anteriormost region of the neural plate, which 
is the primordium of the neural tube, and in the prospective hindbrain 
(Sheng et al. 1997). In E9.5 embryo, Lhx5 expression in the developing CNS 
is progressively restricted to the prospective forebrain, in both the future 
diencephalon as a broad stripe, and as a narrow line extending all the way 
anterior to the future telencephalon. This striped expression domain outlines 
the emerging mid- and hindbrain boundary (Sheng et al. 1997). Specifically 
in the El0.5 forebrain, which contains the limbic system including the 
hippocampus, Lhx5 is expressed in the hippocampal precursor cells, and this 
expression is further restricted to the hippocampal Cajal-Retzius (CR) cells 
in both the developing Amnion's horn and the dentate gyrus from El3.5 to 
El8.5 (Zhao et al. 1999). Starting from El0.5, Lhx5 coexpresses extensively 
with the closely related Lhxl in the developing CNS including the midbrain, 
hindbrain and the dorsolateral spinal cord, with the exception of the LMC in 
the ventral horn of the spinal cord where only Lhxl is expressed (Pillai et al. 
2007). In addition, Lhx5 expression in the hindbrain at El2.5 is marked by 
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the stronger and the weaker domains, which appear to outline the emerging 
boundary between the prospective pons and the medulla oblongata (Sheng et 
al. 1997). 
(2) Later embryonic stages and adulthood 
The Lhxl/5 genes expression domains largely overlap in the dorsolateral 
spinal cord during El0.5 to El l .5 where the postmitotic intemeurons subsets 
are located, but they start to differ from El2.5 onwards in a complementary 
manner and with Lhx5 expression keeps downregulated, until El7.5 at which 
Lhx5 expression is totally absent (Pillai et al. 2007). In the developing 
cerebellum, Lhx5 also coexpresses with Lhxl from El2.5 onwards, and this 
coexpression domain is progressively restricted to, and persistent in, the 
emerging PCL as well as in the mature PCL in P56 adult mouse cerebellum 
(Zhao et al. 2007; Lein et al. 2007). Recently, onset of Lhx5 expression is 
also detected at El2.5 in the developing inner ear, specifically, in the 
cochlear precursor cells, as well as in the differentiating sensory epithelia, 
which will give rise to the sensory hair cells, and this expression persists in 
the differentiating, as well as in the mature, sensory hair cells in P6 perinatal 
mice (Huang et al. 2008). 
Functional analysis 
Unlike Lhxl, loss-of-function mutation of Lhx5 by gene targeting has not 
resulted in early embryonic lethality by El0.5 and a headless phenotype, but 
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has resulted in severe defects in the hippocampus, a brain structure that is 
currently under intensive studies due to its critical role in learning and 
organization of memory in laboratory rodents, as well as in human (Shawlot 
and Behringer 1995; Zhao et al. 1999; Paylor et al. 2001; Eichenbaum 1999; 
Squire et al. 1993). Interestingly, while the majority of Lhx5 knockout mice 
died within 1 to 2 days after birth, some Lhx5 null escapers could survive to 
adulthood (Paylor et al. 2001). In addition, the cause of neonatal lethality in 
Lhx5 null newborn pups remains unclear as no other morphological defects 
could be detected excluding the hippocampus, despite the observation that 
the dying pups appeared cyanotic (bluish skin colour) is implying respiratory 
failure due to defects in respiratory control centres (Zhao et al. 1999). 
(1) In hippocampus 
The hippocampus is a comma-shaped structure consisting of the interlocking 
c-shaped Amnion's horn and the dentate gyms, altogether it is grossly 
reminiscent of the seahorse and hence its name (Green 1964). During the 
formation of hippocampus, the postmitotic hippocampal precursor cells 
migrate out of the hippocampal ventricular zone to their proper positions, 
where they will further differentiate into the three principal hippocampal 
neurons including the Cajal-Retzius (CR) cells, the pyramidal cells and the 
intemeurons, all of which are critical for development of hippocampal 
circuitry (Zhao et al. 1999). Mouse embryos (El8.5) homozygous for Lhx5 
null mutations displayed severe histological defects in the developing 
hippocampus, including the absence of the two major axon tracts, and a 
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wider hippocampal ventricular zone, out of which corrcclly spccificd 
postmitotic neuronal precursors migrate but fail to acquire proper 
positioning and further differentiation, thus resulting in absence of the 
c-shaped Amnion's horn and the dentate gyrus, as well as the diverse 
neuronal subtypes associated with these structures (Zhao et al. 1999; Paylor 
et al. 2001). Since a minority of Lhx5 null mutants, despite a consistent 
hippocampal defects, could survive to adulthood, several behavioral assays 
addressing their possible cognitive and locomotor phenotypes have been 
used to analyze the impact of the loss of Lhx5 activity in these adult mutants 
(Paylor et al. 2001). These Lhx5 adult mutants showed undistinguishable 
general health conditions (despite with significantly smaller body sizes), 
neurological reflexes and sensory responses, compared to the wildtype 
littermates, but their performances were impaired in hippocampal-dependent 
learning and memory tasks, as well as in several motor tasks, despite a 
normal appearing motor control system including the cerebellum and spinal 
interneurons subsets (Paylor et al. 2001). Taken together, Lhx5 is required 
for proper positioning and differentiation of hippocampal precursor neurons 
during hippocampal development, and its loss-of-function can result in 
deficits associated with learning, memory and locomotor abilities in 
adulthood. 
(2) In spinal cord and cerebellum 
The functional requirements of Lhx5 in the developing spinal cord and the 
cerebellum, together with Lhxl, have been discussed in section 1.1.2. The 
2 5 
evidence that the pair of closely related LIM-Homeobox genes Lhxl/5 
coexpress extensively and dynamically in the CNS, as well as the 
demonstrated functional redundancy of the two transcription factors in 
controlling neuronal differentiation in the spinal cord and the cerebellum, 
suggest the existence of a similar transcriptional program to generate 
specific neuronal subtypes in the developing CNS (Zhao et al. 1997). 
1.2 Mouse cerebellar Purkinje neurons 
1.2.1 Cerebellar cortex 
In contrast to the cerebral cortex which has six layers, the cerebellar cortex 
is built up of only three layers: the outermost cell-poor molecular layer (ML), 
the middle Purkinje neuron (also called Purkinje cell) layer (PCL), and the 
innermost inner granular layer (IGL). The cytoarchitecture of the cerebellar 
cortex consists of five principal types of neurons (Figure 2), namely, the 
granule neurons, the Purkinje neurons, and the three types of inhibitory 
intemeurons: the Golgi neurons, the stellate neurons and the basket neurons 
(Voogd and Glickstein 1998; Wang and Zoghbi 2001). The numerous small 
granule neurons (granule cells) in the inner granular layer are glutamatergic, 
thus excitatory. Their axons are unmyelinated and ascend towards the 
outermost molecular layer, where they bifurcate and make synaptic contacts 
with the elaborate dendritic arbor of Purkinje neurons, as well as with the 
intemeurons. 
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Figure 2. The simplified diagram showing the cytoarchitecture of mouse 
cerebellar cortex. The cerebellar cortex is built up of the outermost 
molecular layer, the middle Purkinje cell layer and the innermost inner 
granular layer. The cerebellar cortex receives inputs via the mossy fibres, 
and climbing fibres, each of which wrap around the extensive dendritic arbor 
of a single Purkinje cell. The unmyelinated axons of the granule cells ascend 
and bifurcate in the outermost molecular layer to form the parallel fibres, 
hence making multiple synaptic contacts with the dendritic arbor of the 
Purkinje cells and with the basket cell, a type of cerebellar intemeurons 
which synapse with the Purkinje cells. The other types of cerebellar 
intemeurons include the Golgi cells which synapse with granule cells, and 
the stellate cells which also synapse with the Purkinje cells. The Purkinje 
cells provide the sole output from the cerebellar cortex by projecting to the 
deep cerebellar nuclei, which in turn project to the cerebral cortex for 
cerebellar function (modified from Wong and Zoghbi 2001). 
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The Purkinje neurons were discovered by and named after Prof�. Johannes 
Purkinje, who was a Czech anatomist and physiologist, and who also 
discovered the Purkinje fibres in the heart. The Purkinje neurons are large 
GABAergic (thus inhibitory) neurons. Since they provide the known sole 
output from the cerebellar cortex, they can be regarded as the pivotal 
functional unit of the cerebellar cortex (Ito 2001; Bower 2002). Their axons 
are myelinated and make synaptic contacts with the neurons of the deep 
cerebellar nuclei and certain brainstem nuclei. Their characteristic intricate 
morphology lies in the extensively elaborated dendritic arbor with further 
spiny ramifications in their distal ends. The Golgi neurons provide feedback 
inhibition to granule cells, while the stellate and basket neurons modulate 
the output from Purkinje neurons. 
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1.2.2 Neuronal circuitry and cerebellar functions 
The cerebellar cortex receives three types of afferents, namely, the excitatory 
mossy fibres and climbing fibres, and the diffusely organized 
mono-aminergic and cholinergic afferents (Voogd and Glickstein 1998).The 
neurons of the deep cerebellar nuclei finally project to the cerebral cortex, 
thus mediating the fine control of voluntary movements and body balance 
maintenance (Voogd and Glickstein 1998). 
Apart from the role of coordination centre for body motion, the cerebellum 
has also been implicated in motor learning and higher cognitive functions, 
but the circuitry involved in these activities is not yet understood (Middleton 
and Strick 1998). 
1.2.3 Development of cerebellar Purkinje neurons 
In the developing cerebellum, just like other organogeneses, the generation 
of distinct neuronal subtypes depends on the spatially and temporally 
restricted signals that drive the acquisition of specific cell identity (Hatten 
and Heintz 1995). The Purkinje neurons are among the first neurons to arise 
from the ventricular zone (VZ), and their development can be broadly 
divided into four stages: neurogenesis, migration to the cerebellar plate and 
alignment into a monolayer, specification and differentiation. 
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1.2.3.1 Neurogenesis 
The Purkinje neurons are born within three days from El l to E13 in the 
ventricular zone (VZ). After they become postmitotic at around El4, 
Purkinje neurons start to express the calcium-binding protein calbindin 
(Hatten and Heintz 1995). 
1.2.3.2 Migration and positioning 
In the CNS, migration of newly bom neurons to their final positioning is 
essential for the establishment of the regular cytoarchitecture (Sotelo 2004). 
Once the Purkinje neurons become postmitotic, they immediately migrate 
along the radial glial fibre system to the cerebellar plate (Hatten and Heintz 
1995). Previous studies using the reeler and scrambler mutant mice revealed 
the genes Reeler and its downstream Disabled-1 (Dabl) play crucial roles in 
the regulation of Purkinje neuron migration and proper positioning (Rice and 
Curran 1999). Several growth factors have been shown to promote Purkinje 
neuron survival in vitro: nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), acetylcholine (ACh), neurotrophin-3 (NT-3), 
neutrophin-4/5 (NT-4/5) and ciliary neurotrophic factor (CNTF) (Goldowitz, 
and Hamre 1998; Mount et al. 1994; Larkfors et al. 1996). The gene Rom, 
which encodes the retinoic acid-related orphan nuclear hormone receptor a 
and is mutated in staggerer mice, has also been shown to be involved in 
Purkinje neuron survival (Vogel et al. 2000). 
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1.2.3.3 Specification and differentiation 
The molecular machinery that governs the cerebellar Purkinje specification 
and differentiation remains poorly understood. Recent studies of mice 
lacking the pancreas transcription factor la (Ptfla) has shown that Ptfla is 
essential for the specification of Purkinje neurons and cerebellar 
interneurons, both of which are GABAergic inhibitory neurons (Pascual et al. 
2007). Strategies using microarray technology have been employed to 
identify candidate Purkinje neuron-specific markers by gene expression 
profiling in wild-type mice and Purkinje cell degeneration (pcd) mutant mice, 
which are characterized by postnatal death of virtually all Purkinje neurons 
(Rong et al. 2004). 
1.2.3.4 Maturation 
During their terminal differentiation, the Purkinje neurons develop extensive 
dendritic arbors and make the huge majority of synaptic contacts with 
granule neurons. Previous studies on Purkinje neuron dendritogenesis 
revealed that afferent inputs from parallel fibres and climbing fibres, as well 
as guidance cues from granule neurons, are essential to sculpture the 
dendritic arbor (Sotelo 2004; Rakic and Sidman 1973; Baptista et al. 1994). 
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1.3 Green Fluorescent Protein (GFP) and tau protein 
1.3.1 Introduction to tau proteins 
Tau proteins constitute a heterogeneous family of protein isoforms, the 
diversity of which is generated by alternative mRNA splicing from a single 
gene and post-translational phosphorylation (Drubin et al. 1984; Himmler 
1989; Przyborski et al. 1995). According to size, tau proteins in mammals 
can be divided into two groups: low molecular weight (LMW) tau proteins 
(50 — 68 kD) which are highly expressed in the CNS, and the high molecular 
weight (HMW) tau proteins (about 110 kD) which are highly expressed in 
the PNS. 
In mammalian nervous system, tau proteins are highly localized in the 
neuronal processes, in particular, the axons where they bind to the tubulin 
subunits in the densely packed microtubule arrays and modulate their 
assembly, thus giving structural support to axons and rendering them longer 
and stiffer (Peters and Vaughn 1967; Matus 1994). Apart from the role of 
axonal scaffolding, microtubules also function in axonal transport of 
organelles and molecules (Hirokawa 1993). Since tau proteins are not 
localized in glia, they can be regarded as neuron-specific and can serve as 
markers for axons in tracing axonal projections (Binder et al. 1985). 
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1.3.2 Tau-GFP fusion protein and its application in tracing neuronal 
projections 
Since tau proteins are abundant in neurites, including axons, the fusion of 
reporter to tau can efficiently and evenly target the reporter throughout the 
entire length of axons. The fusion design of tau-tagged reporter enables 
tracing of neuronal projections and visualization of neurites in greater details 
than using the reporter alone, which is otherwise difficult to diffuse along 
the extended neuronal cytoplasm (Callahan and Thomas 1994). Previous 
reports using tau-lacZ fusion reporter to visualize neuronal projections and 
neurites, including Lhxl-lacZ reporter (Figure. 3), have demonstrated the 
efficacy of such fusion reporter (Callahan and Thomas 1994; Mombaerts et 
al. 1996; Kania et al. 2000). 
A modification based on the use of tau fusion reporter involves the fusion of 
green fluorescent protein (GFP), which is originated from the jellyfish 
Aequorea victoria, with the bovine tau (Chalfie et al. 1994). Since GFP does 
not require exogenous substrates or cofactors for its fluorescence, this 
combination allows detection of the tau-GFP marker in both fixed and living 
cells (Chalfie et al. 1994). The tau-GFP fusion reporter was created by 
fusing the first 383 amino acids of a bovine tau protein in-frame to the GFP 
gene (Butner and Kirschner 1991; Brand 1995). Contained within this 
sequence of tau are the 18-amino acid repeats required for microtubule 
binding (Butner and Kirschner 1991). 
1.4 Project background and aim 
Using gene targeting and manipulation of mouse embryonic stem cells 
(mESCs), the generation of mouse mutants harbouring Lhxl mutant alleles 
followed by phenotypic analysis have greatly facilitated the study of Lhxl 
functions in mouse in vivo. To facilitate the phenotypic analysis, it is useful 
to have a genetic reporter to faithfully trace the endogenous Lhxl gene 
expression and, in parallel, to trace the Z/?x7-expressing cells under 
investigation. The pre-requisites of such genetic reporter, or transcription 
reporter of Lhxl are that: (i) it is readily detectable; (ii) it is introduced into 
the endogenous Lhxl locus such that its expression can faithfully follow the 
endogenous Lhxl expression, and (iii) its ectopic expression does not cause 
any deleterious effect to the cells of interest. In light of these purposes, the 
bacterial LacZ reporter or the fusion reporter tau-lacZ have been 
previously introduced into the Lhxl locus by gene targeting to generate the 
Lhxl-lacZ and Lhxl-tau-lacZ alleles, in which the Lhxl protein coding 
sequences have been simultaneously deleted by this reporter "knock-in". The 
Lhxl-LacZ reporter gene expression had been previously shown to mimick 
endogenous Lhxl expression in mouse CNS during development (Figure 3). 
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Figure 3. Lhxl-LacZ reporter gene expression mimicks endogenous Lhxl 
expression in mouse central nervous system during development. (A-G) 
X-gal staining of L/zjc7-directed lacZ expression. (A，B) At El0.5 and El2.5, 
Lhxl-LacZ is strongly expressed in the central nervous system including the 
forebrain，midbrain, hindbrain and the dorsolateral spinal cord. (C-E) 
Lhxl-LacZ is expressed in the cerebellar primordium (arrow), but this 
expression is restricted to the Purkinje cell layer (PCL) at PO (arrow in D) 
and it persists strongly in PCL at P28 (arrow in E). (F-G) Individual Lhxl-
LacZ labelled Purkinje neurons with the characteristic dendritic arbor can be 
visualized in a single cell layer in PCL at P28 (arrows in F and G). ML: 
Molecular layer; IGL: Inner granular layer. Photos courtesy: Prof. KWAN 
Kin Ming (unpublished data) 
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Nevertheless, the previously used Lhxl-lacZ and Lhxl-lau-lacZ knock-in 
alleles for tracing the I/?x7-expressing cells under investigation still have 
limitations up to date. The detection of LacZ reporter requires cell-invasive 
fixation and imaging techniques, namely, X-gal staining or LacZ 
immunohistochemistry (IHC), in which the cells are inevitably killed after 
subjecting to these manipulations. Furthermore, the information yielded by 
obtaining tissue sections with the dead lacZ-labelled cells are restricted to 
“snap shots" in nature, which precludes direct and continuous observations 
of the same tissue and cells. To address this limitation, tau-GFP as the 
genetic reporter for Lhxl is exploited in this study. By introducing the 
tau-GFP reporter into the Lhxl locus, GFP fluorescence from the labeled 
cells can be directly detected by confocal laser scanning microscopy 
(CLSM), thus enabling non-invasive live imaging and monitoring of the 
dynamic activities of the living GFP-labelled Z/2x7-expressing cells, with a 
higher resolution than otherwise be obtained by conventional microscopy 
techniques. An additional advantage for the use of tau-GFP genetic reporter 
is that the tau-GFP fusion gene reporter can label cells with fine processes, 
such as neurons, in a more efficient manner than GFP reporter alone. 
The aim of this study is to generate the Lhxl-tau-GFP knock-in mouse strain 
(genotype: Lhx产�敗)with the tau-GFP reporter “knocked-in” the Lhxl 
locus using gene targeting of Lhxl (thus having a Lhxl-tau-GFP allele 
which is essentially a null allele with the protein coding exons removed), 
and the manipulation of mouse embryonic stem cells (mESC). This mouse 
strain can serve as a new tool to provide tow-GFP-labelled 1/^x7-expressing 
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cells, including the Purkinje neurons which provide the sole output from the 
cerebellum, and thus facilitates in vivo study of Lhxl functions in the mouse 
cerebellum. 
In addition to the generation of the Lhxl-tau-GFP knock-in mouse strain, the 
Lhx5 targeting vector has also been generated via recombineering in this 
study to facilitate further generation of Lhx5-tau-GFP knock-in allele using 
gene targeting and mouse embryonic stem cells. The Lhx5-tau-GFP 
knock-in allele that would be generated can provide an alternative reporter 
for high-resolution tracing of living Z/zx5-expressing cells, including the 
Purkinje neurons in the mouse cerebellum. 
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Chapter 2 
Generation of Lhxl-tau-GFP knock-in mice 
2.1 Introduction 
As summarized in chapter 1, previous loss-of-function studies has shown 
that Lhxl (also known as Liml) plays a role in a plethora of both prenatal 
and postnatal developmental processes in mouse. However, the previously 
used Lhxl transcription reporters for tracing the Z/zx7-expressing cells under 
investigation were restricted to the Lhxl-lacZ and Lhxl-tau-lacZ knock-in 
alleles only. The lacZ reporter cannot be applied to trace live 
Z/?x7-expressing cells as its detection requires invasive imaging techniques, 
namely, X-gal staining or lacZ immunohistochemistry (IHC). Hence, the use 
of lacZ (or tau-lacZ) labeling renders real-time live imaging of 
Z/2x7-expressing cells impossible, and fails to provide direct and valuable 
information about the dynamic movement of the living cells. 
In order to address the aforesaid limitation in live Z/zx7-expressing cell 
imaging, this study has generated the Z / z x 产厂 m o u s e harboring the 
Lhxl-tau-GFP knock-in allele using gene targeting and mouse embryonic 
stem cells (mESCs). This is an advantageous approach in using 
Lhxl-tau-GFP allele over previously used Lhxl-tau-lacZ (or Lhxl-lacZ) 
alleles in dissecting Lhxl functions since L/zx7-expressing cells can be 
readily detected by the GFP fluorescence in a non-invasive manner, thus 
allowing high resolution imaging of living L/zxi-expressing cells by use of 
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contbcal laser scanning microscopy (CLSM). This tau-GFP labeling of� 
1/7x7-expressing cells also facilitates real-time observation of any changes in 
cell movement or morphology and provide additional insights into Lhxl 
functions during mouse development, which comprises dynamic processes 
in cellular level. 
2.2 Materials for molecular biological work 
2.2.1 Chemicals and kits 
For general molecular work, regular chemicals were purchased from USB 
Corporation (Cleveland, OH, U.S.A.), BDH Chemicals of VWR 
International (Radnor, PA, U.S.A.), BD Diagnostics (Sparks, MD, U.S.A.), 
J.T. Baker (Phillipsburg, NJ, U.S.A.), Sigma-Aldrich Corporation (Saint 
Louis, MO, U.S.A.). Organic solvents were purchased from Sigma-Aldrich 
Corporation (Saint Louis, MO, U.S.A.), Fluka Chemical Corp. (Milwaukee, 
WI, U.S.A.) and Merck & Co., Inc. (Whitehouse Station, NJ, U.S.A.) The 
dNTP mix was purchased from Promega (Fitchburg, WI, U.S.A.), the ATP 
was from New England Biolabs Inc. (Ipswich, MA, U.S.A.), both the 
GeneRuler 1 kb DNA ladder and the 100 bp Plus DNA ladder were from 
Fermentas International Inc. (Ontario, Canada). 
The plasmid miniprep kits were purchased from GE Healthcare (Little 
Chalfont, U.K.). The plasmid midiprep kits and QIAquick PCR purification 
kits were purchased from Qiagen (Hilden, Germany). The Amersham 
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Megaprime DNA labeling systems, the Rediprime II DNA labeling systems, 
the illustraTM ProbeQuant G-50 Micro-Columns Radiolabeled Probe 
Purification Kit were purchased from GE Healthcare (Little Chalfont, U.K.). 
The Zeta-Probe GT positively-charged nylon membranes were purchased 
from Bio-Rad Laboraties (Hercules, CA, U.S.A.). 
2.2.2 Enzymes 
The restriction endonucleases were purchased from Promega (Fitchburg, WI, 
U.S.A.) and New England Biolabs Inc. (Ipswich, MA, U.S.A.). The Taq 
DNA polymerase was prepared in-house. The GoTaq® Hot Start polymerase 
was purchased from Promega (Fitchburg, WI, U.S.A.). The T4 DNA ligase 
was from New England Inc. (Ipswich, MA, U.S.A.). The calf intestinal 
phosphatase was purchased from Promega (Fitchburg, WI, U.S.A.) and 
Roche Diagnostics Corp. (Indianapolis, IN, U.S.A.). The Klenow enzyme 
and proteinase K were purchased from Roche Diagnostics Corp. 
(Indianapolis, IN, U.S.A.). The RNase A was purchased from Sigma-Aldrich 
Corporation (Saint Louis, MO, U.S.A.). 
2.2.3 Plasmid vectors 
The pBluescript KS (-) vector was purchased from Stratagene Corporation 
(La Jolla, CA, U.S.A.). The pPGKneobpA, pIRES-tau-eGFP-ACNF and 
pMCltkpA were gifts that were kindly provided by Prof. Richard Behringer 
from MD Anderson Cancer Centre, University of Texas, Houston, U.S.A. 
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2.2.4 Oligonucleotide linkers 
The 5’ phosphorylated 10-bp single-strand oligonucleotide linkers 
containing Pme\ recognition site (5’ GTTTAAAC 3') were ordered from 
Integrated DNA Technologies (Coralville, lA, U.S.A.). 
2.2.5 Bacterial strains 
The Escherichia coli strains DH5a and XL-10 Gold as the lab stock were 
used as the host for gene cloning work unless stated otherwise. 
2.2.6 Solutions and media 
The formulations for the solutions and media as prepared for this study were 
summarized in table 1. 
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Table 1. Solutions and media used for molecular biological work. 
Solution/medium Formulation 
Gel treatment solutions (for 0.25N HCl, 0.4N NaOH 
capillary transfer) 
LB agar Dissolve 4 g tryptone, 2 g yeast 
extract, 4 g NaCl and 6 g agar in total 
400 ml ddH20 
LB broth Dissolve 10 g bacto-tryptone, 5 g 
bacto-yeast extract and 10 g NaCl in 
total 400 ml ddH20 
Mouse tail lysis buffer 25 mM Tris • CI pH 8.0, 50 mM 
EDTA, 100 mM NaCl, 1% SDS 
PGR buffer (1 OX) 200 mM Tris-HCl (pH 8.4), 500 mM 
KCl, 15 mM MgCl2 
Phenol/Chloroform/isoamylalcohol Mix 20 ml phenol (pH 8.01), 19.5 ml 
(PCI 50:49:1) chloroform and 0.5 ml isoamylalcohol 
SOC 2% bacto-tryptone, 0.5% bacto-yeast 
extract, lOmM NaCl, 2.5 mM KCl, 
lOmM MgCl2, lOmM MgS04, 20 
mM glucose 
Sodium acetate 3M NaOAc, pH 5.2 
Solution I (GTE) 50 mM glucose, Tris • CI (25 mM pH 
8.0), EDTA (10 mM, pH 8.0), 1% 
SDS 
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Solution II (alkaline lysis buffer) 0.2N NaOH, 1%SDS 
Solution III (neutralizing buffer) 3M KOAc v/v, 5M glacial acetic acid 
v/v, dH20 
Southern hybridization buffer 0.5M Na2HP04, 14% SDS 
SSC (20X) Dissolve 88.2g sodium citrate, 1 7 5 . 3 ^ 
gNaCl in lLdH20, pH 7.0 
TAE Buffer (IX) 0.04M Tris-acetate, 0.00IM EDTA 
TE Buffer (IX) 10 mM Tris • CI, ImM EDTA, pH 7.4 
2.2.7 Radioactive isotopes and materials for autoradiography 
The [a-32p]-dCTP (deoxycytidine 5' triphosphate) was purchased from 
Perkin-Elmer (Waltham, MA, U.S.A.). The medical X-ray film was 
purchased from Fujifilm Corporation, Japan. The X-ray film cassettes were 
purchased from Okamoto Manufacturing Co., Ltd., Japan. 
2.2.8 DNA probes for Southern blot hybridization 
The 5' and 3’ external DNA probes were gifts from Prof. Richard Behringer 
from MD Anderson Cancer Centre, University of Texas, Houston, U.S.A. 
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2.3 Materials for cell culture 
2.3.1 Chemicals, sera and others 
The gelatin (type A), HEPES, MMC, DMSO and P-mercaptoethanol were 
purchased from Sigma-Aldrich Corporation (Saint Louis, MO, U.S.A.). The 
0.25% trypsin with EDTA , the Penicillin-Streptomycin solution, the 
Dulbecco's phosphate-buffered saline (DPBS), the L-glutamine, G-418 
(Geneticin), DMEM powder, tissue culture water and NaiCOs was purchased 
from Invitrogen Corporation, (Carlsbad, CA, U.S.A.). The glycine was 
purchased from J.T. Baker (Phillipsburg, NJ, U.S.A.). The fetal bovine 
serum (FBS) and fetal calf serum (FCS) were purchased from HyClone 
Laboratories, Inc. (Logan, UT, U.S.A.). The FIAU was a gift from Prof. 
Richard Behringer from MD Anderson Cancer Centre, University of Texas, 
Houston, U.S.A. The cryogenic vials were purchased from Nalgene Lab ware 
(Rochester, NY, U.S.A.). The 100 mm tissue culture dishes, the 6-well 
flat-bottom polystyrene microplates and the 96-well flat-bottom polystyrene 
microplates were purchased from Iwaki & Co., Ltd. (Japan). 
2.3.2 Culture solutions and media 
The KnockoutTM DMEM solution as the basal ES cell culture medium used 
for this study was purchased from Invitrogen Corporation, (Carlsbad, CA, 
U.S.A.). The formulations for other solutions and media for cell culture 
work were summarized in table 2. 
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Table 2. Culture solutions and media for cell culture work. 
Solution/medium Formulation 
ES cell lysis buffer lOmM Tris (pH 7.5), lOmM NaCl, 
Img/ml Proteinase K, lOmM EDTA, 
0.5% SDS (v/v) 
ES cell medium (M-15) Penicillin-Streptomycin solution (IX), 
200 mM L-glutamine, 0.05 mM 
P-mercaptoethanol, 15% FCS (v/v), 
82% Knockout™ DMEM (v/v) 
Feeder cell medium Penicillin-Streptomycin solution (IX), 
1 mM L-glutamine, 7% FCS (v/v), 
91% KnockoutTM DMEM (v/v) 
Freezing medium (2X) 40% Knockout™ DMEM (v/v), 40% 
FBS (v/v), 20% DMSO (v/v) 
MMC stock solution Dissolve 2 mg MMC powder in 4 ml 
DPBS and filter sterilize 
2.3.3 Culture cells 
The PC3 ES cells (O'Gorman et al 1997), and the SNL 76/7 STO mouse 
fibroblast cells that were used as feeder cells in this study, were gifts from 
Prof. Richard Behringer from MD Anderson Cancer Centre, University of 
Texas, Houston, U.S.A. 
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2.4 PCR primers 
All PCR primers were ordered from Integrated DNA Technologies 
(Coralville, lA, U.S.A.) and were summarized in table 3. 
Table 3. PCR primers used for genotyping Lhxl-tau-GFP mice. 
Primer Sequence (5’ to 3') Purpose 
L h x l W T l F A G C G G A C G G T C C C T T T C 
CATTT 
Lhx 1 _WT 1R AGTCTCAAGCGGGCTAG PCR genotyping for 




The C57BL/6 mice used for breeding in this study were supplied by the 
Laboratory Animal Services Centre (LASEC) of the Chinese University of 
Hong Kong. 
2.6 Methods for molecular biological work 
2.6.1 Preparation of plasmid DNA 
The use of a particular method for miniprep plasmid DNA from overnight 
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bacterial culture was based on the further application of the purified plasmid 
DNA. Plasmid DNA for restriction mapping, which was employed to rapidly 
screen for transformants harboring target recombinant DNA constructs, was 
prepared using simple crude method. To achieve higher purity and yield for 
preparative purposes, miniprep and midiprep of plasmid DNA were done 
using commercially available purification kits. 
All centrifugations in plasmid DNA miniprep were done at room 
temperature. 
2.6.1.1 Miniprep using simple crude method 
Prior to plasmid miniprep, individual bacterial colonies were picked and 
each was used to inoculate 1 ml LB with appropriate selective antibiotic in 
microcentrifuge tubes. The culture was incubated overnight at 37�C with 
shaking at 200 rpm. To harvest the cells, the overnight culture was 
centrifuged at 13,500 rpm for 5 min and the cell pellet was resuspended in 
Solution I (100 |il). Solution II (200 jil) was added and mixed well to lyse 
the cells under alkaline conditions. Solution III (150 |il) was immediately 
added and mixed well to neutralize the cell lysate. The solution was 
centrifuged at 13,500 rpm for 5 min and ice-cold 100% EtOH (1 ml) was 
added to the supernatant. The mixture was allowed to stand at room 
temperature for 2 min to precipitate the DNA, and was then centrifuged at 
13,500 rpm for 5 min. The DNA pellet was washed with 70% EtOH, air 
dried and dissolved in appropriate volume of ddH^O. 
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2.6.1.2 Miniprep using purification kits 
QIAprep spin miniprep kit (from QIAGEN) 
Individual bacterial colonies were picked and each was used to inoculate 5 
ml LB with appropriate selective antibiotic in polypropylene round-bottom 
tubes. The culture was incubated at 37°C with shaking at 200 rpm overnight. 
The whole overnight culture was aliquoted into 5 microcentrifuge tubes and 
each was centrifuged at 13,500 rpm for 30 s. To harvest the cells, the cell 
pellet in each tube was resuspended in a total of 250 |al Buffer PI (50 mM 
Tris.Cl pH 8.0, 10 mM EDTA, 100 ^g/ml RNase A), then 250|li1 Buffer P2 
(1% SDS w/v, 200 mM NaOH) was added to the pooled cell suspension. The 
mixture was gently inverted for 4-6 times for alkaline lysis of the cells. 350 
ILil Buffer N3 (composition commercially confidential) was added to the 
clear lysate and was immediately mixed thoroughly by inverting the tube for 
4-6 times. The resultant mixture was centrifuged at 13,000 rpm for 10 min 
and the supernatant was applied to QIAprep spin column, which was then 
centrifuged for 1 min at 13,000 rpm for DNA adsorption to the QIAprep 
membrane. 750 jul Buffer PE (with 100% EtOH added prior to use, 
composition commercially confidential) served as the wash buffer and was 
added to the spin column, which was then centrifuged at 13,000 rpm for 1 
min, in order to wash out salts. The spin column was subsequently 
centrifuged at 13,000 rpm for 1 min to completely remove residual wash 
buffer. To elute the adsorbed DNA, the spin column was placed in a new 
microcentrifuge tube and 30 \i\ ddHiO was directly applied to the QIAprep 
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membrane. This set-up was allowed to stand at room temperature for 1 min 
and was finally centrifuged at 13,000 rpm for 1 min for the collection of the 
eluted DNA. The concentration and the purity of the plasmid DNA was 
measured by OD260 using spectrophotometer (Eppendorf AG, Germany). 
illustra plasmidPrep Mini Spin Kit (from GE Healthcare) 
The bacterial cell culture and harvesting procedure were the same as for the 
plasmid miniprep kit from QIAGEN. The culture volume used for this kit 
was 3 ml. The cell pellet in each of the 3 microcentrifuge tubes was 
resuspended in a total of 175 |il Lysis Buffer Type 7 (100 mM Tris*Cl pH7.5, 
10 mM EDTA, 0.4 mg/ml RNase I), and then 175 Lysis Buffer Type 8 
(1% SDS w/v, 200 mM NaOH) was added and mixed thoroughly by gently 
inverting the tube for 5 times, to achieve alkaline lysis of cells. 350 \i\ Lysis 
Buffer Type 9 (4.4 M guanidine HCl, 0.65 M KOAc, 3.1 M glacial acetic 
acid) was added to the clear lysate and mixed immediately by inverting the 
tube for 5 times to achieve even neutralization. The mixture was centrifuged 
at 13,500 rpm for 5 min. The supernatant was loaded into the illustra mini 
column and the column was centrifuged at 13,500 rpm for 30 s for DNA 
adsorption. 400 |il Wash Buffer Type 1 (2 mM Tris.Cl pH 8.0, 0.2 mM 
EDTA, 80% EtOH) was loaded to the column and the column was 
centrifuged at 13,500 rpm for 1 min. The column was then transferred to a 
new microcentrifuge tube and 50 jjl d d H � � w a s applied to the centre of the 
column for DNA. The concentration and the purity of the plasmid DNA was 
measured by OD260 using spectrophotometer (Eppendorf AG, Germany). 
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2.6.1.3 Midiprcp using purification kit 
The QIAGEN plasmid midi kit was used for midiprep of high quality 
plasmid DNA from a relatively larger bacterial culture. Prior to the midiprep, 
a single colony was used to inoculate 3 ml LB with appropriate selective 
antibiotic. This starter culture was incubated at 37 °C with shaking at 200 
rpm for 7 hrs, and then was all used to inoculate 100 ml LB with appropriate 
selective antibiotic in conical flask. This culture was incubated at 37�C with 
shaking at 200 rpm overnight. The cells were harvested by centrifuging the 
culture at 6,000 x g at 4°C for 15 min, and the cell pellet was resuspended in 
4 ml Buffer PI (0.1% LyseBlue Reagent v/v, 50 mM Tris*Cl pH 8.0, 10 mM 
EDTA, 100 |ig/ml RNase A). 4 ml Buffer P2 (200 mM NaOH, 1% SDS w/v) 
was added and mixed thoroughly for alkaline lysis of cells, the mixture was 
then incubated at room temperature for 5 min. 4 ml ice-cold Buffer P3 (3M 
KOAc pH 5.0) was added and again mixed, the mixture was then incubated 
at room temperature for 15 min. The mixture was centrifuged at 20,000 x g 
at 4�C for 30 min, and the supernatant was filtered with autoclave-sterilized 
bandage cloth to remove the residual precipitates. The QIAGEN-tip 100 
column was equilibrated with 4 ml Buffer QBT (750 mM NaCl, 50 mM 
MOPS pH 7.0, 15% isopropanol v/v, 0.15% Triton X-100 v/v) and was 
allowed to drain. The filtered supernatant was loaded into the equilibrated 
QIAGEN-tip 100 column, and was able to enter the QIAGEN resin by 
gravity flow. The column was then washed with 10 ml Buffer QC (IM NaCl, 
50 mM MOPS pH 7.0, 15% isopropanol v/v) and 5 ml Buffer QF (1.25M 
NaCl, 50 mM Tris*Cl pH 8.5, 15% isopropanol v/v) was added to elute the 
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adsorbed DNA. 3.5 ml isopropanol was added to the eluate and the mixture 
was aliquotted into 8 microcentrifuge tubes, which were then centrifuged at 
16,000 X g at room temperature for 8 min. The DNA pellet was washed with 
70% EtOH, air dried and was finally dissolved in 40 — 50 |il ddHiO. The 
concentration and the purity of the plasmid DNA was measured by OD260 
using spectrophotometer (Eppendorf AG, Germany). 
2.6.2 Purification of specific DNA fragments 
Agarose gel electrophoresis was used to fractionate specific DNA fragments 
resulted from restriction digestion, PGR and other enzymatic reactions. For 
PCR amplified DNA fragments, gel matrix was prepared by 1.5% low-melt 
agarose (w/v) with 12.5% EtBr (v/v) in IX TAE buffer to achieve better 
resolution of smaller DNA fragments. For DNA fragments resulted from 
reactions other than PCR, gel matrix with 0.8% low-melt agarose (w/v) was 
used. Electrophoresis was generally done in IX TAE buffer at 80 - 110 V at 
room temperature. DNA fragments resolved in gel matrix were visualized by 
UV illuminator, imaged by Molecular Imager Gel Documentation System 
and analyzed by Quantity One 1 -D Analysis Software (Bio-Rad Laboratories, 
USA). 
2.6.2.1 QIAquick gel extraction kit 
Centrifugation steps used in this kit were done at room temperature at 
10,000 X g for 1 min. Target DNA fragments were excised from agarose gel 
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using a clean scalpel. To solubilize the agarose, 3 volumes of Buffer QG 
(composition commercially confidential) were added to 1 volume of gel 
slice in microcentrifuge tube and the mixture was incubated at 5 0 � C for 3-
5 min with occasional shaking. For DNA fragments of sizes smaller than 500 
bp or larger than 4 kb, 100% isopropanol of 1 gel slice volume was added 
and mixed well to increase the DNA yield. The mixture was loaded into the 
QIAquick spin column and the set-up was centrifuged. The adsorbed DNA 
was washed with 750 |il Buffer PE (with 100% EtOH added prior to use, 
composition commercially confidential) and was centrifuged for another 1 
min to remove residual wash buffer. To elute DNA, 30 jil ddH20 was 
applied to the QIAquick membrane and was allowed to stand at room 
temperature for 1 min. The eluate was finally collected by centrifugation and 
the DNA concentration was either analyzed by electrophoresing 1 [il of this 
eluate, or by spectrophotometry as stated elsewhere in this thesis. 
2.6.2.2 QIAquick PCR purification kit 
Centrifugation steps in this kit were done at room temperature at 16,100 x g 
for 1 min. To purify double-strand PCR products, 5 volumes of Buffer PB 
(composition commercially confidential) was added to 1 volume of PCR 
products and mixed well. The mixture was applied to the QIAquick column 
and the set-up was centrifuged for adsorption of DNA. The column was 
washed with 750 buffer PE (with 100% EtOH added prior to use, 
composition commercially confidential) and residual wash buffer was 
removed by further ceritrifuging the column for 1 min. To elute DNA, 30 |il 
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ddH20 was directly applied to the QIAquick membrane and was allowed lo 
stand for 1 min. The eluate was collected by centrifugation and the DNA 
concentration was again analyzed by electrophoresing 1 jil of this eluate. 
2.6.3 Subcloning of DNA fragments 
2.6.3.1 Traditional approach based on restriction endonucleases and 
DNA ligases 
Traditional recombinant DNA techniques allow subcloning for DNA 
constructs to be done by the use of the DNA "cutter" — the restriction 
endonucleases, and the DNA "glue" — the DNA ligases. Based on particular 
subcloning strategies, DNA inserts and vectors were joined step-by-step to 
form the final DNA construct. In each subcloning step, the plasmid 
harboring the desired insert was completely digested with appropriate 
restriction endonuclease(s) to release the insert. In parallel with releasing the 
insert, the plasmid vector was also completely digested with appropriate 
restriction endonuclease(s) to generate compatible ends for ligation with the 
insert. Since the generation of the final DNA construct is largely dependent 
on the availability of appropriate restriction endonuclease recognition sites 
on both the inserts and the vectors, this traditional approach is limited by the 
need for restriction endonucleases. 
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2.6.3.2 Preparation of subcloning inserts and vectors 
After restriction endonuclease digestion, the inserts and vectors were 
purified from the reaction mixture by either PCI extraction method or 
QIAquick gel extraction method (when fractionation of specific DNA 
fragments was necessary). In PCI extraction, an equal volume of PCI 
(50:48:2 v/v) at room temperature was directly added to the restriction digest 
and was mixed thoroughly. The mixture was centrifuged at room 
temperature at 16,100 x g for 5 min. The upper aqueous layer was collected, 
0.1 volume of NaOAc (3M, pH5.2) was added, followed by the addition of 
2.5 volumes of 100% EtOH. The mixture was incubated at either -80°C for 
30 min or -20�C overnight for DNA precipitation. The DNA precipitate was 
collected by centrifugation, washed with 70% EtOH, air dried and dissolved 
in appropriate volume of ddH20. 
In case of incompatible ends (after restriction digestion) between inserts and 
vectors, Klenow fill-in reaction was used to generate blunt ends suitable for 
ligation. In 30 |il Klenow fill-in reaction, 4 units of Klenow enzyme (large 
fragment of E. coli DNA polymerase I, 2 units/jil) were added to purified 
DNA inserts and vectors with IX filling buffer (50 mM Tris, pH 7.5; 10 mM 
MgCl2, 1 mM DTT, 50 ^ig/ml BSA) and 1 mM dNTPs. The reaction mixture 
was incubated at 3 7 � C for 30 min, then at 65�C with 1 |al of 0.5M EDTA 
for 10 min to inactivate the enzyme. The final mixture was PCI extracted 
once and the 3' end-filled DNA was recovered by EtOH precipitation as 
described. 
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Prior to ligation with inserts, the siibcloning vectors were subjected lo 
dephosphorylation (removal of 5，monophosphate) in order to prevent 
self-ligation. In vector dephosphorylation, 4 units of CIP (1 unit/jil) were 
added either directly to restriction digest or purified 3'end-filled vector, 
together with IX dephosphorylation buffer (0.5 M Tris-HCl, 1 mM EDTA, 
pH 8.5), in 50 |il reaction volume . The reaction mixture was incubated at 37 
�C for 1 lir, then incubated at 65�C for 10 min with 20 mM EDTA 
followed by PCI extraction once to completely inactivate the enzyme. The 
extracted DNA was recovered by EtOH precipitation as described. 
2.6.3.3 Two-way ligation of inserts and vectors 
Prior to ligation between 1 insert and 1 vector DNA molecule (ie. two-way 
ligation), Ijil of both the purified insert and vector DNA were first 
electrophoresed to give a side-by-side visual comparison of the relative 
DNA concentration. The ratio of vector to insert was empirically determined 
by the relative sizes of the vector and insert DNA. For ligation between 
inserts and vectors of sizes < 5 kb, insert and vector DNA were added to 10 
|il reaction mixture containing IX T4 DNA ligase buffer (50 mM Tris-HCl, 
10 mM MgCl2, 1 mM ATP, 10 mM DTT, pH 7.5), 1 unit of T4 DNA ligase, 
and supplemented with an additional 1 mM ATP. For inserts and vectors of 
sizes > 5 kb or in case of linker-vector ligation, the ligation buffer was 
changed to one with PEG-8000 as volume excluder to increase ligation 
efficiency. The ligation reaction was done at either room temperature for 5 
hrs or at 16�C overnight. 
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2.6.4 Transformation of competent cells with recombinant DNA 
The method of transforming bacterial competent cells was generally selected 
upon the size of the exogenous supercoiled plasmid DNA to be introduced. 
For plasmids of sizes ^ 10 kb, the CaCb method was adopted, while the 
electroporation method was adopted for larger plasmids. 
2.6.4.1 CaCh method 
Two bacterial strains (XL-10 Gold and DH5a) were used in CaC^ 
transformation. XL-10 Gold bacterial strain is both chloramphenicol and 
tetracycline resistant, while DH5a strain is not resistant to any antibiotic. 
Hence, either chloramphenicol or tetracycline is required to be added during 
culture of XL-10 Gold strain for a continuous selection, whereas culture of 
DH5a requires no antibiotic. In preparation of XL-10 Gold competent cells, 
a single bacterial colony was used to inoculate 3 ml LB with 150 [i\ 
tetracycline. This starter culture, after being incubated at 3 7 � C with 
shaking at 200 rpm overnight, was used to inoculate 200 ml LB and was 
further incubated at same conditions until ODeoo (indicated the bacterial cell 
density) reached 0.4 — 0.6, in which the bacterial cells were at early-log to 
mid-log growth phase. The culture was aliquotted into 4 pre-chilled 
centrifuge tubes and chilled on ice for 10 min. The chilled culture was 
centrifuged at 1600 x g at 4 °C for 7 min and each cell pellet was washed 
with 10 ml ice-cold CaCl� solution. Every 2 tubes of the resuspended cells 
were pooled and centrifuged at 1100 x g for 5 min at 4 °C. The cell pellets 
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were washed with 20 ml ice-cold CaCb solution and were cenlrifuged again 
at 1100 X g for 5 min at 4�C. Each cell pellet was finally resuspended in 4 ml 
ice-cold CaCl2 solution, and then the resuspended cells were aliquotted into 
sterile pre-chilled microcentrifuge tubes and kept frozen at -80�C for later 
use. Except for the addition of tetracycline, the preparatory procedure of 
DH5a competent cells was the same as XL-10 Gold competent cells. 
Just prior to transformation, the CaC^ treated competent cells were 
completely thawed on ice. 4 to 15 |il ligation mixture (or 1 to 100 ng plasmid 
DNA) was added to the thawed cells and the resultant mixture was kept on 
ice for 10 min. The cells were then subjected to a “heat shock" treatment at 
4 2 � C for 1 to 2 min (depending on the size of exogenous plasmid DNA to 
be introduced), followed by a “cold shock" treatment on ice for 1 min. 1 ml 
of LB was added to the transformants as the outgrowth medium, and the 
cells were allowed to recover at 37 °C with shaking at 200 rpm for 1 to 1.5 
hrs (depending on the size of exogenous plasmid DNA introduced). The cells 
were centrifuged at 4000 rpm for 1.5 min and the cell pellet was 
resuspended in 50 to 100 LB with appropriate antibiotic. The resuspended 
cells were plated on LB-agar with appropriate antibiotic and the plates were 
incubated at 37�C overnight. 
2.6.4.2 Electroporation 
The bacterial strain DH5a was used in electroporation for transformation. In 
preparation of DH5a electrocompetent cells, a single bacterial colony was 
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used to inoculate 10 ml LB. This starter culture was incubated at 37 X； with 
shaking at 200 rpm overnight and 8 ml of this overnight culture was used to 
inoculate 200 ml LB. This culture was incubated with shaking at 37°C until 
ODeoo (indicated the bacterial cell density) reached 0.4 — 0.6, in which the 
bacterial cells were at early-log to mid-log growth phase. 160 ml of this 
culture was aliquotted into 8 pre-chilled 50 ml centrifuge tubes and chilled 
on ice for 15 min. The chilled culture was centrifuged at 4000 x g at 4°C for 
8 min and each cell pellet was washed twice with 20 ml ice-cold d d H � � . The 
cell pellets were finally resuspended in 2 ml ice-cold 10% glycerol and the 
resuspended cells were divided into 1 ml aliquots. These aliquots were 
centrifuged at 8000 x g at 4 °C for 3 min, the cell pellets were finally 
resuspended in 40 |il ice-cold 10% glycerol and kept frozen at -80�C for 
later use. 
Just prior to electroporation, the electrocompetent cells were completely 
thawed on ice. The thawed cells (40 in total) were transferred to one side 
of the pre-chilled sterilized electroporation cuvette (0.2 cm-wide electrodes), 
1 to 2 |il of ligation mixture (or 1 to 100 ng plasmid DNA) was added to the 
cells. The cuvette with the cell-DNA mixture on one side was flicked to 
bring the mixture to bottom and was subjected to electroporation (2.5 kV, 
200 Q, 25 jiF, time constants ranged from 4.3 to 4.8 ms) using a GenePulser 
Electroporation System (Bio-Rad, USA). 1 ml SOC was immediately used 
to resuspend the cells, since delay in transfer of this outgrowth medium to 
the transformants could significantly reduce the cell viability. The 
resuspended cells were allowed to recover at 37 °C with shaking at 200 rpm 
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lor 1 to 1.5 hrs. The procedure of plating the transformanls was the same as 
described in CaCl] method. 
2.6.5 Southern hybridization 
2.6.5.1 Restriction endonuclease digestion and agarose gel 
electrophoresis 
Mouse genomic DNA samples were completely digested overnight with 
appropriate restriction endonucleases. Depending on the volume of the 
restriction digest, the digested DNA was either directly fractionated by 
agarose gel electrophoresis, or subjected to EtOH precipitation followed by 
re-dissolving for a higher concentration. Except for the voltage used (which 
was 70 - 80 V for fractionating genomic DNA) and that 20jil EtBr was 
freshly added to the electrophoresis buffer, all conditions for electrophoresis 
were the same as described in section 2.6.2. In EtOH precipitation, 0.1 
volume of NaOAc (3M, pH5.2) was added to the restriction digest, followed 
by the addition of 2 volumes of 100% EtOH. The mixture was incubated at 
-20°C overnight and was centrifuged at 16, 000 x g for 10 min to collect the 
DNA precipitate, which was subsequently washed once with 70% EtOH. 
The DNA pellet was finally re-dissolved in an appropriate volume of ddHsO 
at 4�C overnight and subjected to fractionation by electrophoresis with the 
same conditions as described. 
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2.6.5.2 Capillary transfer and fixation of DNA 
After electrophoresis, the gel was briefly rinsed with dH20 and subjected to 
acid depurination treatment by being immersed in 0.25N HCl at room 
temperature for 10 min to facilitate transfer of large DNA fragments. The gel 
was again briefly rinsed with dH20 and subjected to alkaline denaturation 
treatment by being immersed in 0.4N NaOH for 30 min at room temperature 
to denature the double-strand DNA into single-stranded DNA. Prior to the 
assembly for capillary transfer of DNA, the Zeta-Probe GT (genomic tested) 
membrane was pre-soaked in dH20 for 5 min. Except for the use of 0.4N 
NaOH as the transfer buffer, the assembly for DNA capillary transfer was 
done as described by the membrane manufacturer (Bio-Rad). Prior to the 
fixation of DNA, the blotted membrane was neutralized by briefly rinsed 
with 2X SSC for 1 min. The membrane was then baked at 80 °C for 2 hrs 
for DNA fixation and either subsequently stored at 4°C for later use, or 
directly subjected to pre-hybridization. 
2.6.5.3 Radioactive labeling of DNA probe 
The Amersham Megaprime DNA labeling systems and Rediprime II DNA 
labeling systems (GE Healthcare) were used for random primer labeling of 
DNA probes with [a-^^P]-dCTR In Megaprime DNA labeling systems, 5 
of the primer solution (random nonamer primers in aqueous solution) was 
added to 25- 50 ng DNA probe in a 33 |il reaction mixture. The DNA was 
denatured by heating at 100 °C for 5 min and snap-cooled on ice, then 
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centrifuged briefly to bring the contents to the bottom. 10 |li1 of labeling 
buffer (dATP, dGTP and dTTP in Tris-HCl pH 7.5; p-mercaptoethanol; 
MgCl2), 5 |il [a-32p]-dCTP and 2 |il Klenow enzyme (1 unit/fil) was added to 
the mixture to make the final volume to be 50 jil. The mixture was mixed 
thoroughly and was incubated at 3 7 � C for 1 hr. The radioactive labeled 
DNA fragments were subjected to purification prior to hybridization. 
2.6.5.4 Purification of radioactive labeled probe for hybridization 
The radioactive labeled DNA probes were purified by the ProbeQuant G-50 
Micro columns (GE Healthcare) to get rid of the unincorporated 
[a-32p]-dCTP prior to hybridization. The purification procedure was done as 
described by the column manufacturer and the eluate was directly applied to 
hybridization. 
2.6.5.5 Hybridization 
The membranes prepared as described in section 2.6.5.2 was pre-hybridized 
in 37 ml hybridization buffer (70/0 SDS and 0.25 MNa2HP04) at 6 5 � C with 
rotation for at least 4 hours. Just prior to hybridization, this 37 ml buffer was 
discarded and 13 ml fresh pre-warmed hybridization buffer with the purified 
single-strand DNA probe was applied to the pre-hybridized membrane. The 
hybridization reaction was done at 6 5 � C with rotation overnight. 
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2.6.5.6 Post-hybridization wash and autoradiography for sij^nal 
detection 
After overnight hybridization, the membrane was briefly rinsed and washed 
once with 2X SSC (containing 0.1% SDS v/v) at 6 5 � C , followed by a wash 
with either IX SSC or 1.5X SSC (both containing 0.1% SDS v/v) at 6 5 � C , 
in order to remove any unbound DNA probes for reduced background. The 
choice of the second wash buffer and the timing for the post-hybridization 
wash were adjusted according to the required stringency for hybridization. 
The lower the ionic strength, the higher the hybridization stringency which 
allows more specific binding between the single-strand DNA probes and the 
immobilized target DNA. The hybridization stringency can also be increased 
by raising the temperature. 
The post-washed membrane was exposed to X-ray film in an X-ray film 
cassette at room temperature for 5 to 10 overnights, and the exposed X-ray 
film was scanned by an X-ray film scanner to detect and image the signal 
bands. 
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2.7 Methods for generation and analysis of Lhxl-tau-GFP knock-in 
mice 
2.7.1 Construction of targeting vector (pLhxl-tauGFP) for gene 
targeting of Lhxl locus 
The generation of the Lhxl-tau-GFP knocked-in allele, in which the 
endogenous Lhxl coding sequence was precisely disrupted and replaced by 
the exogenous IRES-tau-GFP expression cassette, was achieved by gene 
targeting using the replacement-type Lhxl targeting vector (pLhxl-tauGFP). 
In order to construct the pLhxl-tauGFP targeting vector, a series of 
subcloning work has been done accordingly. The plasmid vector used as 
subcloning backbone was pPGKneobpA, in which the neomycin resistance 
gene {neo^) is driven by the phosphoglycerate kinase {Pgk) promoter and 
with the bovine growth hormone polyadenylation signal (bpA). The neo^ 
serves as the positive selectable marker conferring G418 resistance for any 
ES cell clone harboring an integrated copy of the targeting vector. The 1.77 
kb pgk- neo^ expression cassette is flanked by 2 loxP sites (floxed) to allow 
Cre recombinase-mediated excision of the inserted selectable marker，after 
positive selection of homologous recombinants, so as to prevent it from 
exerting any phenotypic effects due to competition between the Pgk 
promoter and the endogenous Lhxl promoter, adding the complexity to the 
expression analysis in the resulting knock-in mouse (Fiering et al 1995). 
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In order to stably remove the floxed nec)^ selectable marker after performing 
positive selection on target ES cell clones, the ES cell line PC3, which 
derived its name from protamine 1-Cre recombinase (Prml-Cre), was used 
in this study. In PC3 ES cell line, the Cre-recombinase coding sequence was 
located downstream of mouse protamine 1 (Prml) promoter, thus driving the 
spermatid-specific expression of Cre recombinase, but not in ES cells 
(Peschon et al 1987; O'Gorman et al. 1997). Hence, by using PC3 ES cell 
line for Lhxl targeting, the floxed neo^ selectable marker in the targeted 
Lhxl locus could be finally excised and leaving only 1 loxP site in the 
spermatid derived from the targeted PC3 ES cell clone. 
The IRES (Internal Ribosome Entry Site) preceding the tau-GFP reporter in 
the IRES-tau-GFP reporter cassette has been identified as the cis-acting 
translational element from the encephalomyocarditis virus (eMCV) 
(Mountford and Smith 1995). It allows efficient translation of the tau-GFP 
sequence in the Lhxl-tau-GFP allele, thus circumventing the problem of 
compromised level and specificity of expression of the exogenous tau-GFP 
reporter under the endogenous Lhxl promoter (Mountford and Smith 1995). 
To increase the frequency of the rare homologous recombination event in 
vivo, the linearized form (rather than the circular form) of the targeting 
plasmid-based vector was necessary, together with two other conditions: use 
of isogenic DNA and optimized length of homology. For final linearization 
of the targeting vector, since no suitable unique restriction endonuclease site 
was available, the Acc65I site in pPGKneobpA was replaced with Pmel site 
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by Pmc\ linker ligation so that the final construct can be linearized by Ihc 
rare cutter Pme\. 
The sequence of subcloning work for pLhxl-tauGFP construction was as 
follows. The vector backbone was first linearized by Acc65I, blunt-ended 
with Klenow enzyme, and subjected to ligation with the Fmel linkers in a 
molar ratio of 1:100. To ensure the presence of only one (thus unique) Fmel 
site, the resultant vector was completely digested with Fmel and was 
subjected to self-ligation. The resulting vector pJl was subjected to 
subcloning with the 1.2 kb Lhxl 5' homology arm of targeting 
{HindWl-BamYil fragment) into its Hindlll site, yielding pJ2. The 4.3 kb 
Lhxl 3' homology arm of targeting (BamKl-BamHI fragment) was 
subcloned into BamUl site of pJ2, yielding pJ3. The 2.5 kb EcoRI-CIal 
fragment harboring the IRES-tau-GFP expression cassette was subcloned 
into the EcoRl site of pJ3, yielding pJ4. Finally, the herpes simplex vims 
thymidine kinase (HSV-z^ A:) expression cassette (MCltkpA) was released 
from the plasmid pMCl-tk as a 2.2 kb BamHl-Hindlll fragment and 
subcloned into the CM site of pJ4 to yield the final targeting construct, 
pLhxl-tauGFR 
In pLhxl-tauGFP construct, since the HSV-tk expression cassette was 
inserted adjacent to the 5' homology arm of targeting, it was excluded during 
homologous recombination, thus it could not integrate into the Lhxl locus 
during the targeting event. Therefore, the target ES cell clones in which Lhxl 
targeting had occurred via homologous recombination were neo^ and 
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WSV-tk' (thus G418'^ and FIAU'^) but those with random integration of the 
targeting vector (which is the major scenario) were neo^ ^ and HSV-/广(thus 
and FIAU^ ). As /^c-expressing cells will be killed by the drug FIAU 
1 -(-2-deoxy-2-fluoro-1 -b-D-arabinofuranosyl)-5-iodouracil),this 
positive-negative selection (PNS) strategy (Mansour et al., 1988) can enrich 
for ES cells in which Lhxl targeting has occurred by simultaneously 
selecting for neo^ cells and HSV-M:+ cells which are FIAU-resistant (FIAU^). 
In order to obtain sufficient amount of high quality pLhxl-tauGFP plasmid 
DNA for subsequent transfection work, plasmid midiprep was done as 
described in section 2.6.1.3. 
2.7.2 Generation of targeted embryonic stem (ES) cell clones 
2.7.2.1 Preparation of feeder cells 
All centrifugations were done at 1000 rpm for 5 min at room temperature, 
and all the incubation conditions described below were maintained at 3 7 � C 
with 5% CO2 in humidified air in a tissue culture incubator. 
Preparation of SNL 76/7 cells 
To prepare SNL cells for MMC inactivation, a frozen vial of SNL 76/7 cells 
were quickly thawed at 37°C and the thawed cells were added to 5 ml fresh 
SNL medium in a 15 ml centrifuge tube. The 6 ml cell suspension was then 
centrifuged at 1000 rpm for 5 min so that the supernatant, which contained 
the cryoprotectant DMSO, could be removed. The cell pellet was fully 
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resuspended in 1 ml fresh SNL medium and the suspension was plated on 
one 10 cm culture dish, which had already been gelatinized with 0.1% 
gelatin ( 3 - 5 ml) for at least 1 hr at room temperature and to which around 
10 ml fresh SNL medium was previously added. The cells were incubated 
until confluence ( 1 - 2 days) and were harvested by trypsinization. To 
harvest the 10 cm dish of cells, the SNL medium was first removed and the 
cells were washed twice with 5 ml DPBS, followed by incubation with about 
1 ml trypsin-EDTA for about 5 min. The degree of trypsinization of cells 
was visually assessed under light microscope. To quench the action of 
trypsin, 1.5 ml fresh SNL medium was added and mixed gently with the 
dissociated cells. The cell mixture was further resuspended thoroughly by 
repeated pipetting in 5 - 6 ml SNL medium in a 15 ml centrifuge tube, and 
was centrifuged for 5 min. The cell pellet was first resuspended in 3 ml SNL 
medium and was transferred to 50 ml centrifuge tube, followed by a 
thorough mixing in 12 ml SNL medium. 1 ml of this single cell suspension 
was seeded in each of the fifteen 10 cm culture dishes (gelatinized with 
0.1% gelatin and was added 10 ml SNL medium), and the cells were 
incubated until confluence and subjected to either MMC inactivation or 
cryopreservation for storage. 
MMC inactivation of SNL 76/7 cells and cryopreservation 
Since MMC is an expensive compound and it becomes highly unstable when 
dissolved in aqueous solution (good for only 2 weeks even when stored in 
liquid nitrogen), it is more economical to perform MMC inactivation of SNL 
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cells in a manageably large scale for preparation of feeder cells. Prior to 
MMC treatment, 15 of 10 cm culture dishes were gelatinized (0.1% gelatin) 
for at least 1 hr. For MMC treatment, the SNL medium from each of the dish 
of confluent SNL cells was removed and the cells were washed briefly with 
DPBS. 1.8 ml of MMC stock solution (0.5 mg/ml) was added to and mixed 
well with 90 ml fresh SNL medium, and 6 ml of this MMC mixture was 
added to each of the 15 dishes of cells. The cells were incubated with MMC 
mixture for 2 hrs, and were washed with DPBS twice to remove the MMC, 
followed by trypsinization as described in SNL cells harvest. 4 ml fresh SNL 
medium was added to quench the trypsinization, and the cell suspension was 
transferred to 50 ml centrifuge tube, followed by thorough resuspension by 
repeated pipetting. To achieve target cell density of 4.2 x 10^ cells/ml, 2 
sub-samples of lOOul cells were counted (10-fold diluted with DPBS) with 
hemocytometer and the total number of cells harvested was calculated 
according to the formula: 
^ x l O ^ Xdilution factor xtotal volume of supernatant 
where n = number of counted cells in all 4 grids and p = proportion of grid 
counted 
The cell suspension was then centrifuged and the cell pellet was resuspended 
thoroughly in 6 ml fresh SNL medium, followed by the slow addition of 5 
ml 2X freezing medium. For cryopreservation, 1 ml aliquots of the cell 
suspension were dispensed in cryogenic vials and cooled gradually to 
maximize cell viability, first at -20°C, then at -80�C and finally at liquid 
nitrogen for long-term storage. 
6 8 
Preparation of feeder cell layers 
The MMC inactivated SNL cells served as the feeder cells which were 
supportive for ES cell culture. To prepare feeder cells, a frozen vial of feeder 
cells were quickly thawed at 37°C and were cultured in an 6 cm gelatinized 
dish with 4 ml fresh SNL medium, at the target cell density of roughly 3.5 x 
10^ cells/ml. The feeder cells were cultured at 37�C and used for ES cell 
culture after 1 to 2 days. These feeder cell layers were good for up to 2 
weeks. 
2.7.2.2 Culture of ES cells on feeder layers and passage 
To maintain pluripotency, ES cells were cultured on feeder cell layers 
composed of mitotically inactivated SNL cells. A frozen vial of PC3 ES cells 
was quickly thawed at 37�C, the thawed cells were mixed with 4 ml fresh ES 
cell medium and the cell suspension was centrifuged to remove the 
supernatant containing the cryopreservant DMSO. The cell pellet was 
resuspended thoroughly in 2 ml fresh ES cell medium and the cells were 
seeded in one 6 cm dish coated with confluent layer of feeder cells with an 
additional 2 ml of fresh ES cell medium. The ES cells were cultured at 37°C. 
To support growth of actively dividing ES cells, the ES cell medium was 
replaced daily. 
To obtain sufficient number of ES cells for later transfection experiment, the 
ES cells cultured on the 6 cm dish were required to expand to one 10 cm 
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dish. After 2 days of culture on 6 cm dish, the ES cells readied 
subcontluence (70 — 80%) and were ready for passage. Prior to passage, the 
ES cells were re-fed by replacing fresh ES cell medium and incubated for at 
least 2 hrs. The ES cells-feeder cells co-culture was then washed once with 3 
ml DPBS and trypsinized with 1 ml trypsin-EDTA, followed by 3 7 � C 
incubation for up to 15 min. To quench the trypsinization, 3 ml ES cell 
medium was added and the cell mixture was visually assessed for degree of 
dissociation. The cell suspension was transferred to 15 ml centrifuge tube, 
where thorough resuspension by repeated pipetting was done and was then 
centrifuged for 5 min. The cell pellet was finally resuspended thoroughly in 
3 ml fresh ES cell medium and the cells were seeded in one 10 cm dish with 
feeder cell layer in 10 ml fresh ES cell medium. 
2.7.2.3 Harvest of cultured ES cells 
Prior to electroporation, the subconfluent ES cells on 10 cm dish were re-fed 
by replacing fresh ES cell medium and incubated for at least 2 hrs. The ES 
cells were then washed twice with DPBS, harvested by trypsinization (about 
1 ml trypsin to 10 cm dish and incubated at 3 7 � C for 15 min) and the cell 
density was counted using hemocytometer as described for SNL cells. The 
cell suspension was then centrifuged at 1000 rpm for 5 min, washed with 5 
ml DPBS and resuspended thoroughly in 3.5 ml to ensure single-cell 
suspension. About 0.9 ml of these ES cells was used for each electroporation 
cuvette. 
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2.7.2.4 Preparation of targeting vector for transfection of ES cells 
For transfection of ES cells, a total of 75 jig Pmel-linearized pLhxl-tauGFP 
(Lhxl replacement-type targeting vector) in restriction digest was first 
extracted once with PCI, then extracted with CI. 0.1 volume ofNaOAc (3M, 
pH 5.2) was then added to the collected aqueous layer and the DNA was 
precipitated with 100% EtOH. The DNA precipitate was washed with 70% 
EtOH, and was redissolved for the first time in 100 [il ddH20, followed by 
another EtOH precipitation in presence of NaOAc as described. The DNA 
precipitate was maintained in 70% EtOH at - 2 0 � C until use. Just prior to 
electroporation, the DNA precipitate was redissolved in 100 |il DPBS in 
sterile environment. 
2.7.2.5 Electroporation for transfection of ES cells 
The electroporation experiments were done at room temperature. The ES 
cells in DPBS were aliquotted into 4 sterilized electroporation cuvettes (0.4 
cm-wide electrodes), in which one of them were ES cells with DPBS only 
(ie. negative control) and the other 3 cuvettes of cells (designated as tube 1, 
tube 2 and tube 3) were each added with 25 DNA for transfection. The 
ES cells were subjected to electroporation (0.24 kV, 500 jiF) using a 
GenePulser Electroporation System (Bio-Rad, USA. The time constants 
were as follows: 6.6 ms (negative control), 6.3 ms (tube 1), 6.7 ms (tube 2), 
6.5 ms (tube 3). After electroporation, the ES cells in electroporation 
cuvettes were first chilled on ice for 5 min, then each cuvette of cells was 
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resuspended in 4 ml fresh ES cell medium and surviving cells number were 
counted by hemocytometer as described elsewhere, followed by 
centrifugation at 1000 rpm for 5 min. The cell pellets were then each 
resuspended in 8 ml ES cell medium and were aliquotted as 2 ml ES cells for 
each of the twelve 10 cm dishes of feeder cell layers (with 8 ml medium 
already), in a condition with about 10^ cells for each dish. 
2.7.2.6 Drug selection for targeted ES cell clones using PNS strategy 
Straightly after incubation for 24 hrs, the transfected cells were subjected to 
drug selection. 11 dishes of cells were selected, based on the PNS strategy, 
by incubation in ES cell medium with both G418 (400 |ag/ml) and FIAU (0.2 
|iM), while one dish of transfected cells was subjected to G418 selection 
only to estimate the proficiency of enrichment for homologous 
recombination events as expected from the use of HSV-z'A: negative selectable 
marker. The drug selection for doubly resistant clones (G418^ and FIAU^) 
lasted for 8 days (ie. 10 ml medium containing both drugs were replaced 
fresh for each dish daily) until distinct, visibly pickable colonies consisting 
of undifferentiated ES cells (as assessed under light microscope) were grown 
up and ready for picking. 
2.7.2.7 Picking and expansion of targeted ES cell clones 
After a continuous 8-day drug selection, more than 200 visibly distinct ES 
cell colonies were observed in a total of 11 dishes. The ES clones which 
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were candidates for further manipulation were selected upon their size and 
morphology as assessed under light microscope, as both the large colonies 
with thick borders (indicating overgrowth) and those with small 
distinguishable cells had already started to differentiate. Prior to picking of 
ES cell clones, two U-bottom 96-well microplates were gelatinized with 
0.1% gelatin (150 jil) for at least 2 hrs, followed by aliquotting 15 |il 
trypsin-EDTA to each of the well by using a multichannel pipette. The 11 
dishes of ES cells were first washed twice with DPBS, and then were barely 
covered by a sufficient volume of DPBS to prevent drying up the colonies. 
The colonies to be picked from each dish were circled on the bottom of dish 
by marker to facilitate identification. To pick up each colony, a P200 pipette 
with sterile tips, which were changed for each new colony, was used to 
carefully dislodge the ES cell colony from the attached feeder cell layer, 
followed by lifting the detached colony by aspiring up a minimum volume 
of DPBS, and transferring to each trypsin-containing well of one 96-well 
microplate at a time. In order to minimize the damage to the ES cell clones, 
both enzymatically by over-exposure to trypsin and physically by 
suboptimal ambient environment, the clone-picking process must be done in 
a minimum period of time. The individual ES cell clones in the microplates 
were trypsinized by incubation at 37 °C for up to 5 min, and the 
trypsinization was quenched by dispensing 85 |il fresh ES cell medium 
simultaneously to each of 8 wells, followed by thorough dissociation of the 
trypsinized clones with repeated pipetting by a multichannel pipette. The 
single-cell suspensions, as assessed under light microscope, were finally 
transferred to two flat-bottom 96-well microplates (only one microplate 
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handled at one time), in which each well had already been coated with 
confluent feeder cell layer bathed in 50 \i\ fresh ES cell medium. The 
microplates seeded with ES cell clones were cultured and expanded with 
continuous drug selection (G418 and FIAU) for 4 more days until 
subconfluence (70 — 80%) was seen in the majority of the wells, which were 
suitable for splitting by replica plating. 
2.7.2.8 Replica plating and freezing of targeted ES cell clones 
To prepare ES cell genomic DNA for further screening, as well as to prepare 
frozen master plates as stocks for future expansion of targeted clones, each 
of the two original 96-well microplates with the subconfluent ES cells was 
splitted into three replica plates, resulting in a total of 6 microplates. For 
replica plating, a total of one-third (50 [i\) of the trypsin-harvested cells in 
each well was transferred to, thus cultured in, each well of the 2 freshly 
gelatinized flat-bottom 96-well microplates with ES cell medium, without 
feeder cell layers to prevent contamination by their genomic DNA in later 
molecular biological work. The 2 sets of newly seeded microplates, as 
derived from the two original microplates, were labeled as lA, IB, IIA and 
IIB respectively to keep track of the clones. The 4 microplates were cultured 
for 5 days until confluence (near 100%) was seen in the majority of the wells, 
and were subjected to genomic DNA extraction for further analysis. 
To prepare the master plate, two-thirds (100 |il) of the trypsin-harvested cells 
in each well of the two original plates were transferred to each well of a new 
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U-bottom 96-well microplate with 2X freezing medium (1:1 v/v). The two 
master plates, derived from the two original microplates (thus labeled as 1 
and II respectively), were wrapped with parafilm and firmly placed in a 
foam box and stored at - 7 0 � C until expansion of the confirmed targeted 
clones. 
2.7.2.9 Genomic DNA extraction from targeted ES cell clones 
All the incubation conditions described below were maintained at 3 7 � C in 
a conventional incubator. For cell lysis, the ES cell clones were washed 
twice with DPBS, then 50 |il ES cell lysis buffer (containing 1 mg/ml 
proteinase K) was added to each well. The microplates with the reaction 
mixture were placed in a humid plastic box, and were incubated at 37 °C 
overnight. To precipitate the genomic DNA, 100 |il of freshly prepared 
ice-cold NaCl-EtOH mixture (consisting of 75 mM NaCl dissolved in 100% 
EtOH) was added to each lysed clone and the reaction mixture was allowed 
to stand at room temperature for 15 - 30 min until stand-like DNA 
precipitates could be observed under a dissecting microscope. The 
supernatant was directly removed by quickly inverting the microplates and 
the DNA precipitates were washed with 70% EtOH for 3 times and air dried 
for up to 15 min. The air-dried DNA pellets were immediately subjected to 
restriction endonuclease digestion for Southern hybridization analysis. 
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2.7.2.10 Screening of homologous recombinants by Southern 
hybridization analysis 
Two rounds of Southern hybridization experiments were performed in order 
to obtain the final targeted ES cell clones. The purpose of the first round was 
to screen for any homologous recombinants and locate them in the two 
original microplates (in which the picked G418 and FIAU doubly resistant 
clones were cultured) in a larger scale using only the 5' hybridization probe, 
while the second round was to double confirm the targeted genotype of the 
homologous recombinants using the 3' hybridization probe (the 5' and 3' 
here only indicated their relative locations with respect to the target Lhxl 
locus). The second round of Southern hybridization was described later in 
section 2.7.2.11. For restriction digestion of ES cell genomic DNA within 
each well, IX restriction digestion “cocktail” (30 units of NEB Pstl, 3.5 jil 
of lOX NEB buffer 3, 100 昭/ml BSA, 50 mg/ml RNase A, ImM spermidine) 
was freshly prepared and 35 |il of the "cocktail" was added to each of the 
air-dried DNA pellets. The microplates with the reaction mixture were again 
placed in a humid plastic box, and were incubated at 37 °C overnight. The 
fractionation of the digested genomic DNA, and subsequently the Southern 
hybridization experiments, were done as described in section 2.6.5. 
2.7.2.11 Thawing and expansion of correct targeted ES cell clones 
After the identification of the targeted ES cell clones in the two original 
microplates (I and II), a 24-well microplate with confluent feeder cell layers 
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bathed in ES cell medium was prepared prior to the thawing of the targeted 
clones. The frozen master plates were quickly thawed at 3 7 � C in incubator. 
After the clones were thawed, 100 jil fresh ES cell medium was added to 
each of the well containing the targeted ES cell clone. The thawed clones 
were transferred to each well of the 24-well microplate and were incubated 
at 37 °C with 5% CO2 back in a tissue culture incubator. The targeted 
clones were cultured until subconfluence and were then passaged into a 
6-well microplate, which had already been coated with confluent feeder cell 
layers. Once the clones reached subconfluence again, they were splitted into 
2 replica plates: one plate of cells was used for genomic DNA extraction for 
second round of Southern hybridization experiments, in order to double 
confirm the targeted genotype of the clones prior to the introduction into 
mouse blastocysts; the other one plate of cells was used for further 
expansion of clones to obtain sufficient number of cells for storage. To 
extract genomic DNA from one of the two subconfluent 6-well plates of 
cells, the cells were first harvested by trypsinization, then subjected to cell 
lysis by ES cell lysis buffer and EtOH precipitation of DNA as described. 
The DNA pellets were redissolved overnight in suitable volume of ddE^O at 
4 � C to ensure complete dissolving with moderate viscosity for subsequent 
Southern hybridization experiments, which were done as described in 
section 2.6.5. Once the final confirmation by Southern hybridization (using 
both 5' and 3’ probes) was completed, 4 of the confirmed clones with cells 
showing least signs of differentiation during culture in the 6-well plate were 
each expanded into 6 cm culture dishes with feeder cell layers, and finally 
into 10 cm culture dishes also coated with feeder cell layers, from which the 
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cells were harvested by trypsinization and stored in cryogenic vials at -70 
�C for later injection into prepared mouse blastocysts. 
2.7.2.12 Chromosome counting of ES cells 
To maximize the chance for germline colonization of the ES cells, 
chromosome counting of the ES cells to be injected is desirable so as to 
reject any ES cells with aneuploidy. Since two different ES cell clones were 
used to generate chimeric mice, chromosome counting was only done in the 
cells derived from the two selected clones (which were considered the best 
for blastocyst injection in terms of cell morphology, indicative of 
pluripotency). Each of the two 6 cm dishes was passaged into one 6 cm dish 
(for further expansion of clones into 10 cm dish as described in 4.2.8), and 
one 3 cm dish without feeder cell layers simply to harvest cells for 
chromosome counting, respectively. 
(1) Preparation of metaphase spreads 
Prior to chromosome counting, good quality metaphase spreads of the ES 
cells were required. The ES cells in the 3 cm dishes were cultured until early 
subconfluence (50 — 60%) and were lifted from the culture dishes by 
trypsinization. To quench the action of trypsin, 2 ml fresh ES cell medium 
with FCS was added and the cell suspension was transferred to 15 ml 
centrifuge tube, and centrifuged at 1000 rpm for 5 min at room temperature 
to collect the cell pellet. The pellet was gently resuspended first with flicking 
7 8 
the tube bottom, then was slowly resuspended in 5 ml KCl (0.56% w/v) 
which was hypotonic to the cells. The cell mixture was allowed to stand at 
room temperature for 10 min to swell the cells for good quality chromosome 
spreads, and then centrifuged again at 1000 rpm for 5 min at room 
temperature. The supernatant was carefully removed to avoid disturbance to 
the cell pellet, and the cell pellet was subjected to fixation first by adding 1 
ml freshly prepared Carnoy's fixative (3:1 absolute MeOH/ glacial acetic 
acid v/v) for 3 min, then by replacing with and resuspended gently but 
thoroughly in 5 ml fresh Camoy's fixative. The cell suspension was allowed 
to stand at room temperature for 10 min and the fixation steps were repeated. 
The fixed cell pellet was finally resuspended in 1 ml fresh fixative and 
several drops of the cell suspension were dropped, from a height of 
approximately 1 - 1.5 metres, onto the sterilized glass slides using a Pasteur 
pipette. The slides were air dried and were subjected to observation under a 
low-power phase contrast microscope. 
(2) Counting of mouse metaphase chromosomes 
Chromosomes from a total of 40 metaphase spreads for each of the 2 
selected ES cell clones were counted. As observed from the prepared slides, 
a good quality metaphase spread of each drop-splashed ES cell clearly 
exhibited 40 chromosomes (for mouse 2N = 40), which were mostly 
non-overlapping and could be counted. However, in a minority of spreads 
the counted number of chromosomes was fewer than 40 and there were two 
possibilities contributing to this deviation: (1) the chromosomes were 
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scattered elsewhere on the slide when the nuclei ruptured; (2) Ihc 
chromosomes became aberrant by translocations and/or structural 
rearrangements after a number of passages. 
2.7.3 Generation of germline chimeric mice 
2.7.3.1 Standard procedure 
The frozen vial of the selected ES cell clone (IE3), which is the confirmed 
homologous recombinant, was kept on ice and transported to Transgenic 
Core Facility, the University of Hong Kong. The production of chimeric 
mouse was then carried out and it involved the following standard steps as 
described in Nagy et al. 2003: 
(1) thaw the frozen ES cells, culture them and pre-chill them just prior to 
injection 
(2) set up the microinjection platform with pre-prepared injection needles, 
holding pipettes, and an inverted phase-contrast microscope 
(3) inject 10 - 15 ES cells with the injection needle into a single 
pre-prepared mouse blastocyst (E3.5), which is being held by the holding 
pipette 
(4) culture the injected blastocysts for several hours and perform uterine 
transfer, in which the blastocysts are transferred into the pseudopregnant 
female recipient mice (2.5 dpc) 
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2.7.4 Breeding and genotyping of mice 
As described in section 2.3.3, the ES cell line used in this study was PC3, 
which was an ES cell line established from 129/Sv strain Prml-Cre 
transgenic mice (0'Gorman et al 1997). 
Coat colour of mice was primarily determined by 4 genes or loci, namely, A 
(Agouti), B (Black), C (Colour) and D (Dilute), in which different alleles for 
a particular locus interact to determine the pigmentation of coat hair 
phenotype (Silvers 1979). Since 129/Sv strain mice bear the genotype 
which is homozygous for the white-bellied agouti allele A''' of the agouti 
locus, which in turn controls the decomposition of both eumelanin and 
phaeomelanin in the coat hair, the 129/Sv strain mice have the agouti (ie, 
yellow and black banding pattern within each coat hair) coat colour (Silvers 
1979; Mouse Genomic Informatics). However, C57BL/6 strain mice bear the 
genotype a/a, ie. homozygous for the non-agouti allele a of the agouti locus 
and give non-banded eumelanoic (ie. black) coat hairs (Silvers 1979; Mouse 
Genome Informatics). Since the founding chimera developed from C57BL/6 
strain derived blastocysts with incorporation of 129/Sv strain derived ES 
cells, the chimera was visually recognized by the patches of both agouti and 
black coat colour. 
In order to identify the germline transmission of the Lhxl-tau-GFP knock-in 
allele through the chimeric mice, in which the injected ES cells successfully 
colonized the germ line and gave rise to germ cells to pass on the 
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Lhxl-tau-GFP allele from generation to generation, the male founding 
chimera was first backcrossed with C57BL/6 female mice with black coal 
colour. The germline chimera are the chimera giving rise to pups with both 
agouti coat and desired genotype Lhxf 肌-。贿 
PCR analysis was used to genotype mice with the Lhxl-tau-GFP allele (see 
Figure 8 in section 2.8.3). Prior to PCR genotyping, mouse tail genomic 
DNA extraction was performed. For tail lysis, tails of pups at PIO of age 
were cut at about 1cm in length and were contained in microcentrifuge tubes. 
300 |il of tail lysis buffer (with formulation as described in table 1 in section 
2.2.6) and 3jil of Proteinase K was then added to each tube and the tubes 
were incubated at 5 5 � C overnight. The tail lysate was then subjected to 
PCI extraction, in which an equal volume of PCI (50:48:2 v/v) at room 
temperature was directly added to the lysate and was mixed thoroughly. The 
mixture was centrifuged at room temperature at 16,100 x g for 5 min. The 
upper aqueous layer was collected, followed by the addition of 2.5 volumes 
of 100% ice-cold EtOH and was mixed vigorously until the DNA pellet 
appeared. The DNA pellet was collected and washed with 70% EtOH, air 
dried and dissolved 300|il of ddHiO after incubation at 55 °C overnight. 
This tail genomic DNA obtained served as the DNA template for PCR 
genotyping of the mouse pups. 
PCR genotyping (primer sequences were described in table 3 in section 2.4 
and DNA polymerase used was described in section 2.2.2) using the mouse 
tail genomic DNA was used to distinguish the Lhx产聰 mice against 
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Lhxl^'^ mice using 2 sets of primers: one pair of forward primer 
(Lhxl—WTIF) and reverse primer (Lhxl WTlR) designed from Lhxl 
endogenous sequence and yielding a 530 bp product, and the other pair using 
the same forward primer (ie. Lhxl WTlF), but the reverse primer 
(Lhxl—ml AR) was designed from the IRES sequence of the Lhxl-tau-GFP 
knocked-in allele to yield a 743 bp product (see Figure. 8 in section 2.8.3). 
As a result, PGR using 2 pairs of primers can distinguish Lhx严-哪 + and 
Lhx严 offsprings from the germline chimera by giving the former 
heterozygotes both the 530 bp and 743 bp bands after gel electrophoresis, 
and the latter homozygotes only the 530 bp band, respectively. 
For primers pair Lhxl WTlF and Lhxl WTlR, the PGR profile was as 
follows: pre-heating at 9 4 � C for 5 min, denaturation at 9 4 � C for 30s, 
annealing at 61 °C for 30s, extension at 7 2 � C for 1 min, the number of 
PCR cycles was 35. After these 35 PGR cycles, extension was completed at 
7 2 � C for 10 min. For primers pair Lhxl WTlF and Lhxl ml AR, the PCR 
profile was the same as that for Lhxl_WTlF and Lhxl WTlR except for 
the annealing at 5 3 . 8 � C for 30s. 
All Z^ /Df严-GFPZ+ mice appeared healthy and fertile with a normal lifespan. 
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2.7.5 Imaging of tau-GFP-labelled Purkinje neurons 
2.7.5.1 Animal dissection and tissue preparation 
Young Lhx产-G卯knock-in mice and Lhx严 wild-type mice at P30 of age 
were sacrificed and dissections were performed to collect the fresh cerebella. 
The cerebella were briefly washed in PBS followed by whole-mount 
vibratome sectioning at a thickness of 250 jim. 
2.7.5.2 Confocal laser scanning microscopy (CLSM) 
Purkinje neurons were visualized in sagittal vibratome sections of fresh 
mouse cerebella using an Olympus FluoView™ FVIOOO confocal 
microscope equipped with a multi-line Argon laser to provide 488 nm 
illumination for eGFP imaging (Olympus Corporation, Japan). Intrinsic 
eGFP fluorescence was imaged at 0.63jim intervals throughout the depth of 
each vibratome section. 20 serial optical sections (Z-stack images) were 
projected into single images. All digital images were colour balanced using 
Adobe Photoshop 6.0 (Adobe Systems, San Jose, California). 
2.8 Results 
2.8.1 Generation of Lhxl targeting vector (pLhxl-tauGFP) 
The general integrity of pLhxl-tauGFP has been checked and confirmed by 
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digestion of its midiprep plasmid DNA with seven restriction enzymes, 
respectively (Figure 4). 
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Figure 4. Restriction digestion to check integrity of Lhxl targeting vector 
pLhxl-tauGFP. (A) Seven restriction enzymes were used as shown for 
restriction digestion of pLhxl-tauGFP DNA, and (B) the restriction map of 
pLhxl-tauGFP is shown. The sizes of the restriction fragments obtained 
from agarose gel electrophoresis confirmed that the construct was intact. 
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2.8.2 Targeted replacement of the mouse Lhxl coding scqucnccs by 
tau-GFP genetic reporter 
In Lhxl targeting, the IRES-tau-GFP reporter was "knocked-in" into the 
Lhxl locus at precise location by homologous recombination. This 
IRES-tau-GFP reporter was utilized to perform the dual function of 
disrupting the Lhxl coding sequences and providing the essential genetic 
reporter to follow Lhxl expression. This Lhxl targeting was done using the 
1.2 kb Lhxl 5' homology arm and 4.3 kb Lhxl 3’ homology arm on the 
targeting vector pLhxl-tauGFP (Figure 5), both of which were endogenous 
sequences derived outside the exons of Lhxl, and were flanking the 
IRES-tau-GFP reporter cassette. 
A total of 4 X 10^ ES cells were transfected with the pLhxl-tGFP targeting 
vector as described in section 2.7.2.5. Although about 256 visibly distinct ES 
cell colonies were observed by G418 and FIAU double selection under PNS 
strategy, only 192 colonies were selected and picked up for further 
expansion according to section 2.7.2.7. The FIAU enrichment under the PNS 
strategy was about 2-fold (2.03 fold) when comparing the 65 neo^ colonies 
grown up in the single “G418-only” dish with 32 doubly resistant colonies in 
one single “G418 and FIAU" dish. Out of these 192 colonies, 14 clones with 
the desired homologous recombination event were identified by Southern 
hybridization analysis using Pstl digestion and a 5' external probe that 
hybridizes to a 4.0 kb or a 2.9 kb fragment in the wild-type and targeted 
Lhxl-tau-GFP alleles, respectively (Figure 6). 
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Figure 5. The schematic diagram showing the tau-GFP reporter knock-in via 
gene targeting at Lhxl locus. The Lhxl gene targeting vector (pLhxl-tauGFP) 
was constructed with the endogenous Lhxl homology sequences flanking the 
IRES-tau-GFP reporter and the floxed neo^ cassette. The MCl-tk herpes 
simplex virus thymidine kinase expression cassette was inserted 5' upstream 
to the 5' homology arm of targeting for negative selection. Homologous 
recombination at the Lhxl locus replaced the wild-type Lhxl allele with the 
tau-GFP reporter to generate the Lhxl-tau-GFP knock-in allele, which is 
essentially a null allele as the Lhxl protein coding sequences were 
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essentially deleted. The IRES-tau-GFP reporter introduced novel Pst\ site 
and the floxed neo*^  cassette introduced novel EcoRM site for genotyping by 
Southern hybridization analysis using 5’ external probe and 3’ external probe 
as shown respectively. Homologous recombinants were identified by 
Southern hybridization analysis using Pstl digestion and the 5’ external 
probe which hybridizes to a 4.0 kb or a 2.9 kb fragment in the wild-type and 
targeted Lhxl-tau-GFP alleles, respectively. Homologous recombinants 
were also identified by Eco例 digestion and a 3' external probe that 
hybridizes to a 8.7 kb or a 9.8 kb fragment in the wild-type and targeted 
alleles, respectively. Two sets of primers (primer 1+2 for wild-type allele & 
primer 1+3 for knock-in allele) used for PGR genotyping of the 
Lhxl-tau-GFP knock-in mice were also shown. 
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Figure 6. Southern blot hybridization to identify the targeted ES cell clones. 
ES cell clone DNA from 2 microplates (I) and (II) was digested with ？ 
and probed with the 5' external probe as described in Figure.5. The asterisks 
indicate the 14 targeted ES cell clones. (A) 6 targeted ES cell clones from 
microplate I were identified with two bands of 1:1 intensity and of sizes 4 kb 
and 2.9 kb respectively. The 4kb band corresponded to the wild-type Lhxl 
allele whereas the 2.9kb band corresponded to the targeted Lhxl-tau-GFP 
allele. (B-C) 8 targeted ES cell clones were identified for microplate II. 
Hence, the overall targeting frequency was calculated to be 3.5 x 1 a s 
follows: 
Overall targeting frequency = no. of clones with desired homologous 
recombination event / no. of ES cells 
transfected with targeting vector 
= 1 4 / 4 X 10^ 
=3.5 X 10-6 
The above overall targeting frequency in this study was found comparable 
with that of another previous Lhxl targeting experiment which used the 
same set of homology arms (both 5' and 3'), which yielded 4.1 x 10"^  overall 
targeting frequency (Shawlot and Behringer 1995). 
Based on information about the colony morphology and relative growth rate, 
4 clones out of these 14 homologous recombinants were selected and 
subjected to re-confirmation by Southern hybridization analysis, using 
Eco?N digestion and a 3' external probe that hybridizes to a 8.7 kb or a 9.8 
kb fragment in the wild-type and targeted alleles, respectively (Figure 7). 
Finally, one clone (IE3) was selected for injection into C57BL/6 blastocyst 
to generate the chimeric mouse, in which some of the cells were derived 
from this clone harboring the tau-GFP knock-in mutation of one Lhxl allele. 
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Figure 7. Southern blot hybridization of targeted ES cell clones for identity 
reconfirmation. (A) Southern blot hybridization of 4 targeted ES cell clones 
1E3, 2A9, 1A2 and 1H3. ES cell DNA was digested with Pst\ and probed 
with the 5’ external probe as described in Figure.5. All 4 clones were with 
two bands of 1:1 intensity with sizes 4 kb and 2.9 kb respectively. The 4kb 
band corresponded to the wild-type Lhxl allele whereas the 2.9kb band 
corresponded to the targeted Lhxl-tau-GFP allele. PC3 ES cell DNA was 
included as a control. (B) Southern blot hybridization of 3 targeted ES cell 
clones 1E3, 1H3 and 2A9. ES cell DNA was digested with and 
probed with the 3' external probe as described in Figure.5. All 3 clones were 
with two bands of 1:1 intensity with sizes 9.8 kb and 8.7 kb respectively. 
The 8.7 kb band corresponded to the wild-type Lhxl allele whereas the 9.8 
kb band corresponded to the targeted Lhxl-tau-GFP allele. PCS ES cell 
DNA was included as a control. 
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2.8.3 Germline transmission of Lhxl-tau-GFP allele and generation of 
Lhxl-tau-GFP knock-in mouse 
(1) Generation of germline chimeric mice 
The injected ES cells (IE3 clone) are originally derived from the PCS cell 
line, which has been established from the 129/Sv mouse strain with agouti 
coat colour (0’ Gorman et al. 1997), and they were injected into the host 
blastocysts of C57BL/6J strain (ie. non-agouti) with black coat colour. Since 
the chimeric mice developed with contribution of IE3 ES cells were readily 
recognizable by coat colour, they could be isolated and subjected to further 
breeding by visual judgement. 5 chimeras have been obtained (4 J 1 罕） 
and 3 of them are agouti in terms of coat colour. These 3 agouti male 
chimeras were backcrossed with C57BL/6 female mice as test breeding, and 
2 of them were confirmed to be a germline chimera (ie. with IE3 ES 
cell-derived germ cells), as they gave rise to agouti F1 offsprings. 
(2) Screening and breeding for Lhxl-tau-GFP mouse 
In the IE3 ES cells, since only one Lhxl allele has been knocked-in with the 
tau-GFP reporter by homologous recombination, only 50% of the agouti F1 
offsprings from the germline chimera (designated K867) will inherit the 
Lhxl-tau-GFP allele. Diagnostic PCR using 2 sets of primers as described in 
section 2.7.4 (also see Figure 5) was done on tail genomic DNA and this 
distinguished the offsprings from the germline chimera, as the 
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ZAy产丨-(丨丨丨 z+ offsprings gave both the 530 bp band (corresponding to 
wild-type Lhxl allele) and the 743 bp band (corresponding to LhxJ-fau-GFP 
allele), while the wild-type Lhxl homozygote only gave the 530 bp band but 
not the 743 bp band (Figure 8). The L h x， u - _ knock-in mice are viable 
and fertile. After PGR genotyping, the confirmed Lhx产卯knock-in mice 
were bred with C57BL/6J female mice to establish the knock-in mouse line, 
thus the i:/2x/au-GFP/+ mice were maintained in a 129/Sv x C57BL/6J mixed 
genetic background. 
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Figure 8. PCR analysis to genotype mice with the Lhxl-tau-GFP allele. The 
number for each lane represented the designated mice being genotyped. Tail 
genomic DNA from the three mice (lane 1-3) which were heterozygous for 
the Lhxl-tau-GFP allele produced the 743 bp band (mutant) using primer 1 
and 3, and produced the 530 bp (wild-type) using primer 1 and 2 after 
amplification, respectively. Genomic DNA from C57BL/6 was included as 
wild-type control, in which only the 530 bp (wild-type) band was produced. 
M indicated the 100 bp DNA ladder. 
( ) 5 
2.8.4 Imaging of Lhxl-tau-GFP expressing Purkinje neurons 
From the cerebellar vibratome sections followed by CLSM imaging as 
described in section 2.7.5, the tau-GFP labelled cells were detected and 
visualized in details, and their cell morphology with extensive dentritic 
arborization as well as their positioning revealed these cells to be Purkinje 
neurons (Figure 9). Since the expression of tau-GFP reporter is driven by 
Lhxl, and Lhxl expression in cerebellum is known to be specific to Purkinje 
neurons, it is evident that the tau-GFP reporter faithfully labels the 
Z/2x7-expressing Purkinje neurons in the mature mouse cerebellum at P30 of 
age. 
% 
A I 10X I BI 20X 
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Figure 9. Imgaging of Lhxl-tau-GFP expressing Purkinje neurons in P30 
mouse cerebella by confocal laser scanning microscopy. Representative 
confocal photomicrographs of Purkinje neurons in 2 different P30 
Lhxl-tau-GFP mouse cerebellar sagittal sections showing tau-GFP 
expression observed at (A) low magnification (lOX), and (B) higher 
magnification (20X) . ML: Molecular layer; IGL: Inner granular layer. At 
low magnification (lOX), tau-GFP signal was detected in the single cell 
layer of the Purkinje neurons (black arrowheads in (A), (B)) and in the 
molecular layer to which the dendritic arbor of the Purkinje neurons extend. 
At higher magnification (20X), strong tau-GFP signal was observed in the 
individual Purkinje neurons aligned in a single cell layer (black arrowhead in 
(A)), demonstrating the somata (white arrowhead in (B)) and the 




2.9.1 Tau-GFP labeling of l/ijc7-expressing Purkinje neurons: 
implications for real-time live cell imaging 
To date, the commonly used genetic reporter to label -expressing cells 
remains to be the bacterial lacZ reporter. The previously generated 
Lhx产她Z/+ i^ock-in mouse has served as the tool to study Lhxl functions 
as discussed in section 1.1.2. However, visualization of lacZ reporter relies 
on invasive techniques which kill the cells before imaging, such as X-gal 
staining, thus posing limitation to the repertoire of experiments that can be 
done which require the maintenance of cells in live state, and can only give a 
"snapshots" of observations rather than a continuous monitoring of the 
group of live cells. Such studies are not only laborious to perform, but also 
prevent the repeated observation of the same cells or tissue in a real-time 
fashion. 
To address the aforesaid limitation, the Lhx产撒 knock-in mouse 
generated in this study provides an alterative and advantageous genetic 
reporter to label -expressing cells and makes real-time live cell imaging 
of the Z/2x7-expressing cells possible. In this study, the direct illumination of 
the tau-GFP reporter expressed in the Purkinje neurons (PCs) clearly 
revealed their dendritic arbors, and the neurons were seen to align in the 
characteristic monolayer known as the Purkinje cell layer (PCL) (Figure 9). 
Apart from PCs, this knock-in mouse can serve as a novel tool for 
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non-invasive real-time visualization of any living 1/7x7-expressing cells, 
since the expression of the genetic reporter tau-GFP is driven by endogenous 
Lhxl promoter. This genetic reporter can therefore open up opportunities for 
previously unattempted experiments, for example, real-time analysis using 
live cell fluorescence imaging system to dynamically monitor the status or 
behavior of Lhxl -expressing cells in time-lapse experiments over a period of 
time, or coupled with the in vivo platform for manipulation, for example, 
cerebellar organotypic culture. Furthermore, the fusion with 
microtubule-associated protein tau with eGFP can specifically target this 
tau-GFP reporter to the cytoskeletal network, which makes it particularly 
useful in labeling cell bodies, axonal processes and dendritic extensions of 
any -expressing neuronal populations, namely, the Purkinje neurons, the 
spinal LMC(l) neurons and the retinal horizontal cells. 
2.9.2 Use of Lhxl-tau-GFP mice for study of Lhxl and Lhx5 functions in 
Purkinje neurons survival and/or maintenance 
Since the Lhx严GFP/+ j^^ck -in mouse generated in this study can serve as a 
tool for study of Lhxl functions, this knock-in mouse can be directly applied 
to address fundamental biological questions in context of the development of 
Purkinje neurons, which are one of the 1/2x7-expressing CNS neuronal 
populations. 
As described in section 1.1.2 and 1.1.3, Lhxl knockout mice {LhxF^') and 
Lhx5 knockout mice {Lhx5''') demonstrate embryonic lethality by El0.5 and 
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neonatal lethality within 1 to 2 days after birth, respectively (Shawlol and 
Behringer 1995; Paylor et al. 2001). Given the functional redundancy of 
Lhxl/5 in mouse cerebellum, previous effort in study of Lhxl/5 functions in 
Purkinje neuron development has thus involved the generation of Lhxl/5 
double conditional knockout mouse (Lhx严[込‘工.,Enf代Lhx5''') which 
specifically ablate Lhxl function in the developing cerebellum at El2.5 
(Zhao et al. 2007). This resulted in absence of Purkinje neurons in the 
smaller unfoliated cerebellum at El8.5, thus showing the functional 
requirement of Lhxl/5 in regulating the differentiation of Purkinje neurons 
(Zhao et al. 2007). However, the differentiation and maturation of Purkinje 
neuron, that is, from dendrite formation to synaptogenesis, are from PO to 
P20, which are 3 weeks after birth (Hatten et al. 1997). Given the persisting 
expression of Lhxl/5 in neonatal differentiating Purkinje neurons, as well as 
in mature Purkinje neurons, it can be hypothesized that the two 
closely-related genes may be required for survival and/or maintenance of 
Purkinje neurons and in a likely functional redundancy fashion in the 
neonatal and adult mouse cerebellum (Lein et al. 2007). 
To achieve Lhxl/5 double conditional knockout specifically in Purkinje 
neurons in neonatal and adult cerebellum, a new strategy which involves the 
Cre/loxP approach and the generation of two novel compound mutant mice 
has been adopted. Using the Pcp2-CvQ which is Purkinje neuron-specific and 
which the recombinase activity does not start until P6, Lhxl 15 function can 
be ablated at the same time in the Lhxl扮-and Lhx5^' background in the 
neonatal differentiating Purkinje neurons (Zhang et al. 2004). Hence, the 
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compound mutant mouse strain required for this purpose will be P c p t ^ ^ � 
LhxlW-, Lhx5胁 The Lhx严knock-in mouse generated in this study 
provides the Lhxl-tau-GFP knocked-in allele, which serves the dual 
function of a reporter and a null allele, thus it can fit in to the breeding 
programme to finally generate the desired compound mutant mouse 
Lhx5胁),as wdl as to label the Purkinje neurons 
and to enable imaging them live in exquisite details for real-time phenotypic 
analysis of the double inactivation of Lhxl/5. This real-time analysis of the 
mutant phenotype can yield significant information that cannot be otherwise 
obtained by traditional reporter visualization techniques such as Xgal 
staining or IHC. 
To achieve precise temporal control of Purkinje neuron-specific knockout of 
Lhxl/5 in adult cerebellum, a tamoxifen-inducible Cre (CreERT2), which is 
driven again by the Pcp2 promoter, has been used so that Lhxl/5 function 
can be ablated upon tamoxifen administration to adult mouse with the 
Lhx产-and Lhx5况-genetic background (Feil et al. 1996). Here, the 
compound mutant mouse strain required will therefore be i^ cpjCreER丁〕/+; 
Lhxl^-; Lhx5胁.Again, the Lhx严-GFP件 knock-in mouse can be used to 
finally generate this desired compound mutant mouse (Pcp2侧 
Lhxfau-GFP/fK; Lhx5况-�with t e aforesaid advantages. 
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Chapter 3 
Generation of Lhx5-tau-GFP knock-in allele: alternative approach for 
real-time tracing of Purkinje neurons 
3.1 Introduction: Recombineering-based approach for DNA subcloning 
In order to provide an alternative reporter which allows non-invasive 
visualization of living Z/zx5-expressing cells, particularly the Purkinje 
neurons in exquisite details, the Lhx5-tau-GFP knock-in allele can be 
generated using gene targeting and mouse embryonic stem cells (mESCs). In 
this study, the Lhx5 targeting vector (pLhx5-tauGFP) has been generated. 
The construction of the Lhx5 targeting vector involved recombineering, 
which is a relatively recent technology in chromosome engineering. 
3.1.11 phage-encoded Red recombination system 
In light of the limitation in subcloning large genomic DNA fragments using 
traditional approach, which requires the use of restriction enzymes and DNA 
ligases, a recently developed approach of DNA engineering, now termed 
recombinogenic enginnering or recombineering in short, has been used to 
greatly facilitate the in vivo generation of DNA constructs in E. coli 
(Muyrers et al. 2001; Copeland et al. 2001). Currently, the pivotal element of 
recombineering technology lies in the highly efficient X phage-based 
homologous recombination systems in E. coli. Different 1 phage-encoded 
recombination systems are now available in recombineering technology, but 
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the following text will only focus on the X phage-encoded Red system, in 
which the protein machinery for recombination are expressed in a 
temperature-inducible manner under the control of the temperature-sensitive 
repressor in the defective X prophage, which has integrated into the host E. 
coli chromosome (Yu et al. 2000). 
Due to the presence of the vigorous intracellular exonuclease RecBCD, 
which is a large multifunctional enzyme composed of the RecB, RecC, and 
RecD subunits, it is technically not feasible to transform E. coli with linear 
dsDNA, as it will be subjected to rapid degradation (Benzinger et al. 1975; 
Kowalczykowski et al. 1994). Gam (y), a protein encoded by the phage gam 
gene, can inhibit the RecBCD exonuclease by binding directly to the enzyme, 
so as to protect the invading linear X genome from degradation 
(Kowalczykowski et al. 1994). The X phage-encoded recombination system, 
or called the Red system, also includes two other essential recombination 
protein factors, namely, Exo, which is a 5’-3’ exonuclease that degrades 
linear dsDNA to produce ssDNA overhangs, and Beta (P), which binds to 
ssDNA overhangs produced and initiate their pairing up with the 
complementary ssDNA target, thus triggering homologous recombination 
between exogenous linear dsDNA and complementary DNA target in the 
host bacterial cell (Takahashi and Kobayashi 1990). 
The defective X prophage used in our study contains the essential 
recombination genes gam, exo and bet, which are under tight repression by 
the temperature-sensitive \ cI1857 repressor, that remains active at 3 2 � C 
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but is inactivated by a “heat shock” at 4 2 � C for 15 min (Yu el al. 
2000).Hence, the three recombination genes can be transiently expressed at 
high levels by the X-pL promoter with a temperature shift from 3 2 � C to 42 
�C for recombination activity in vivo, for an induction period not more than 
60 min or risk cell death (Yu et al. 2000). 
3.1.2 DNA subcloning from bacterial artificial chromosome (BAC) 
To exploit the \ phage-encoded Red system, the defective \ prophage with 
the temperature-sensitive repressor has been transferred to the 
BAC-containing E. coli strains DY380 to demonstrate the feasibility of 
subcloning large fragments of DNA from BAC by gap repair using the Red 
system (Lee et al. 2001). Since the prophage provides the necessary 
recombination functions and protects any exogenous linear dsDNA inside 
the DY380 cell, up to 80kb of DNA fragment was shown to be successfully 
retrieved from the BAC DNA via recombination between the short arms of 
5’ and 3’ homology (20 — 52 nt each) on the linearized retrieval vector 
introduced into the cell, and the corresponding regions of homology on the 
BAC DNA (Lee et al. 2001). Hence, this phage-encoded recombination 
system can be applied to subclone large DNA fragments from BAC DNA 
without any use of restriction enzymes and DNA ligases. 
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3.2 Materials for molecular biological work 
3.2.1 Chemicals and kits 
For general molecular work, regular chemicals and kits were purchased from 
the same sources as mentioned in section 2.2.1. 
3.2.2 Enzymes 
The Pfu DNA polymerase was purchased from Promega (Fitchburg, WI, 
U.S.A.). Other enzymes used were purchased or obtained from the same 
sources as mentioned in section 2.2.2. 
3.2.3 Plasmid vectors and BAC DNA 
The plasmid vector pJl was constructed as described in section 2.7.1. Other 
plasmid vectors used were purchased or obtained from the same sources as 
mentioned in section 2.2.3. The Mouse Lhx5 BAC clone bMQ-379E17 129 
S7 Ab2.2 was purchased from GeneService Ltd. (Cambridge, U.K.). 
3.2.4 Bacterial strains 
The Escherichia coli strain DHl OB was a gift that was kindly provided by 
Prof. Cheah Song-eng from Li Ka Shing Faculty of Medicine, University of 
Hong Kong. The Escherichia coli strain DY380 was a gift that was kindly 
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provided by Prof. Huang Jiang-dong from Li Ka Shing Faculty of Medicinc, 
University of Hong Kong. 
3.2.5 Solutions and media 
The formulations for the solutions and media used for molecular biological 
work were summarized in table 1 of section 2.2.6. 
3.2.6 PCR primers 
All PCR primers were ordered from Integrated DNA Technologies 
(Coralville, lA, U.S.A.) and were summarized in table 4. 
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Table 4. PCR primers used for construction of Lhx5 targeting vector. 
Primer Sequence (5, to 3，） Purpose 
Lhx5_lF TTTGTCGACCGGCCAGSai l site incorporated for 
ACAAAGATGAGGA subcloning 
Lhx5_lR TTTATTTAAATGCCTTCSwa\ site incorporated for 
CTAGTCTGTAGGCG subcloning 
Lhx5_2F TTTATTTAAATTCTTCAC Swa\ site incorporated for 
TCCAGGCCAAACT subcloning 
Lhx5_2R TTTATCGATAGCAGTTGCla\ site incorporated for 
AGGTGGAAGACT subcloning 
Lhx5_3F TTTGGATCCTCGCAGCT BamHl site incorpora ted^ 
TGCTTCAAAGAC for subcloning 
Lhx5_3R TTTTTAATTAAGCGGTCFad site incorporated for 
CAGAGAAATGCAAA subcloning 
Lhx5_4F TTTTTAATTAATTCACCPad site incorporated f o r ^ 
GACATGATCTCGCA subcloning 
Lhx5_4R TTTGCGGCCGCACTCTT Notl site incorporated f o r ^ 
GAGGCTTACCCAGG subcloning 
3.3 Methods for construction of targeting vector for mouse Lhx5 gene 
3.3.1 PCR amplification of homology sequences on BAC DNA 
In order to achieve high sequence fidelity for the PCR-amplified homology 
sequences, the less error-prone Pfu thermostable DNA polymerase (Promega) 
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was used in all the PCR amplification experiments for reocmbinecring. The 
mouse Lhx5 BAC clone designated bMQ-379E17 (GeneService, UK), which 
was derived from the 129Sv-BAC library (Adams et al. 2005) was used as 
DNA template for PCR synthesis of homology sequences. 4 primer sets, 
namely Lhx5_lF and Lhx5_lR, Lhx5_2F and Lhx5_2R, Lhx5_3F and 
Lhx5_3R, Lhx5_4F and Lhx5_4R (sequences and details were described in 
table 4 in section 3.2.6) with additional restriction endonuclease sites located 
5’ to each primer were designed based on the Lhx5 gene sequence accessed 
from Ensemble Mouse database, in which the sequence was derived from a 
reference assembly using the C57BL/6J genome. To synthesize the 5' and 3’ 
retrieval arms, 4 separate PCR reactions were set up for the 4 primer sets, 
which yielded 4 types of products that would be subjected to ligation in pairs. 
The conditions of the PCR cycles were as follows: pre-heating at 95 °C for 
5 min, denaturation at 95 °C for 5 min, annealing at 60 °C for 5 min, 
extension at 7 2 � C for 10 min, and the number of PCR cycles was 30. The 
sizes of PCR products for each primer set were as follows: 319 bp for primer 
set 1 (Lhx5_lF and Lhx5_lR), 364 bp for primer set 2 (Lhx5_2F and 
Lhx5_2R), 358 bp for primer set 3 (Lhx5_3F and Lhx5_3R) and 282 bp for 
primer set 4 (Lhx5_4F and Lhx5_4R). The PCR products were purified from 
the reaction mixtures using QIAquick PCR purification kit (QIAGEN, USA), 
dissolved in 30 ddH20 and stored at -20 °C for later use. 
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3.3.2 Synthesis of retrieval arms for recombineering 
The 683 bp 5’ retrieval arm for recombineering was composed of the joined 
2 fragments from primer set 1 and set 2 PGR products. The primer set 1 
product was digested with Sail and Swa\, while the primer set 2 product was 
digested with Swal and Clal. For the directional subcloning of the 5' 
retrieval arm into the plasmid vector pJl (see section 2.7.1), which bore the 
unique Pmel site, the digested PGR products and the 4.77 kb Sal\-Cla\ 
linearized pJl were subjected to three-way ligation. Prior to ligation, the 
dephosphorylation of vector and the empirical determination of vector: insert 
molar ratio were done as described in sections 2.6.3.2 and 2.6.3.3. The 
three-way ligation was done at 16 °C overnight in ligation buffer without 
PEG-8000, since it was generally considered to significantly reduce the 
efficiency of three-way ligation. The resultant vector pJTl, which bore the 5' 
retrieval arm, was subjected to DNA sequencing analysis as described later 
in section 3.3.3, in order to verify the sequence fidelity of the PCR-amplified 
homology sequences. 
Strictly after the verification of homology sequence identity in pJTl by DNA 
sequencing analysis, the synthesis of the 640 bp 3' retrieval arm for 
recombineering commenced. Similarly in the construction strategy, the 3’ 
retrieval arm was composed of the joined 2 fragments from primer set 3 and 
set 4 PGR products. The primer set 3 product was digested with BamHl and 
Fad, while the primer set 4 product was digested with Fad and Notl. These 
2 fragments were directly subcloned into the BamHl-Notl linearized pJTl to 
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yield the resultant vector pJT2, which was also subjected to DNA 
sequencing analysis as described later in section 3.3.3. 
3.3.3 DNA sequencing analysis 
Since the 5' and 3' retrieval arms in pJTl and pJT2 were PCR-amplified 
respectively, their sequence identities were checked by DNA sequencing 
service by TechDragon. The sequencing primers used for checking the 5’ 
retrieval arm on pJTl were the Lhx5_2F primer (sequence as described in 
table 4) and the in-house T3 primer with 5'-3' sequence 
AATTAACCCTCACTAAAGGG. The sequencing primers for checking the 
3' retrieval arm on pJT2 were the Lhx5_3F primer (sequence as described in 
section 3.2.6) and the in-house Ml3 uni (-21) primer with 5’ — 3’ sequence 
TGT AAA ACGACG GCCAGT. Both the 5' and 3' retrieval arms showed 
100% identity with expected sequence. 
3.3.4 Construction of retrieval vector 
The blunt-ended treatments of inserts and vectors for the subsequent 
subcloning work were done as described in section 2.6.3.2. The 2.2 kb 
blunt-ended BamHl-Hindlll fragment containing the HSV-,A: expression 
cassette (see section 2.7.1) was subcloned into the blunt-ended Notl site of 
pJT2 to generate pJT3. To add the tau-GFP reporter gene, the 2.5 kb 
blunt-ended EcoRl-Cla\ fragment containing the IRES-tau-GFP expression 
cassette (see section 2.7.1) was subcloned into the blunt-ended HiudlW site 
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o l�p .n3 , thus generating the retrieval vector pJ 14 (with both 5’ and 3' 
retrieval arms for recombineering). 
3.3.5 Preparation of electrocompetent cells for recombineering 
The bacterial strain DY380 which had been previously transformed with the 
Lhx5 BAC DNA was used as the bacterial host for recombineering. The 
procedure for preparing electrocompetent DY380 cells was similar to that 
for the DH5a strain as described in section 2.6.4.2, except for the inclusion 
of the 42 °C heat induction for recombinase production in vivo. Unless 
otherwise specified, all the centrifugations were done at 4 °C at 5,500 x g. 
Since the transformed DY380 strain is chloramphenicol resistant, the frozen 
stock of the transformed cells was streaked out in a fresh LB plate with 
chloramphenicol (10 iig/ml) to obtain a single bacterial colony. This single 
colony was used to inoculate 2 ml LB with chloramphenicol (10 jig/ml) and 
incubated at 3 2 � C with shaking at 200 rpm overnight. This starter culture 
was 50-fold diluted and was further incubated at same conditions until ODgoo 
reached 0.4 — 0.6, in which the bacterial cells were at early-log to mid-log 
growth phase. 10 ml of the culture was aliquotted into each of the 4 
centrifuge tubes, in which 2 tubes would be subjected to heat induction and 
the other 2 tubes served as negative control for the heat induction step. For 
4 2 � C heat induction of the recombinase, the 2 tubes of 10 ml cells were 
swirled in 4 2 � C water bath for 15 min. The cells were immediately chilled 
and swirled in ice-water slurry for 10 min, followed by a centrifugation for 8 
min. In parallel to the heat induction, the negative control tubes were 
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directly chilled and swirled in ice-water slurry for 10 min and the cells were 
centrifuged under same conditions. The cell pellets were washed twice with 
20 ml ice-cold autoclave-sterilized ddEbO, and once with 1.5 ml sterilized 
ddH20 by centrifuging in microcentrifuge tubes for 20 s at 16,000 x g. The 
cell pellets were finally resuspended in 100 i^l ice-cold sterilized ddH20 and 
each cell suspension was further divided to two 50 |il aliquots. These were 
the electrocompetent cells freshly prepared for the subsequent 
recombineering experiments. 
3.3.6 Recombineering-based retrieval of homology arms 
Strategically, 2 rounds of recombineering experiments were required to 
retrieve the 5' and 3' homology arms for Lhx5 targeting from the Lhx5 BAG 
DNA via the gap repair mechanism. The 5' Lhx5 homology arm was first 
retrieved. Immediately after the preparation of the fresh electrocompetent 
DY380 cells (with high level of recombinase induced) as described in 
section 3.3.5, these competent cells were transformed with 200 ng 
5'wal-linearized pJT4 vector DNA by electroporation (1.8 kV, 200 Q, 25 jiF, 
time constants ranged from 4.5 to 4.8 ms) in a pre-chilled sterilized 
electroporation cuvette (0.2 cm-wide electrodes) using a GenePulser 
Electroporation System (Bio-Rad, USA). The recovery and outgrowth of 
transformants were done at 32 °C in conditions as described in section 
2.6.4.2, and the transformants were plated on LB-agar with ampicillin (150 
jig/ml), incubated at 32 °C overnight and screened by restriction mapping 
of the miniprep plasmid DNA. After the subcloning of the Lhx5 5' homology 
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arm into the pJT4 vector, the resultant plasmid vector pJT5 was generated 
and was subjected to the second round of recombineering experiment to 
retrieve the Lhx5 3’ homology arm. Fresh electrocompetent DY380 cells 
were prepared as described and transformed with 200 ng 户 a d - l i n e a r i z e d 
pJT5 vector DNA by electroporation, under same conditions as described 
above. The resultant plasmid vector pLhx5-tau-GFP was the final 
replacement-type targeting vector for the Lhx5 gene (see Figure 10). 
Midiprep (see section 2.6.1.3) of the pLhx5-tau-GFP plasmid DNA was 
done to obtain sufficient amount of high quality plasmid DNA which was 
ready for ES cell transfection experiments. 
3.4 Results 
3.4.1 The targeting vector (pLhx5-tauGFP) for mouse Lhx5 gene 
The general integrity of pLhx5-tau-GFP has been checked and confirmed by 
digestion of its midiprep plasmid DNA with eleven restriction enzymes, 
respectively (Figure 10). 
Same as the Lhxl targeting vector (pLhxl-tauGFP), the Lhx5 targeting 
vector (pLhx5-tau-GFP) also harbors the IRES-tau-GFP reporter cassette, 
which is flanked by the 2 kb Lhx5 5' homology arm and 2.8 kb Lhx5 3' 
homology arm, both of which are selected so that homologous 
recombination in ES cells in vivo can "knock-in" the reporter cassette and at 
the same time delete the exon 2, exon 3 and exon 4 for the Lhx5-tau-GFP 
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Figure 10. Restriction digestion to check integrity of Lhx5 targeting vector 
pLhx5-tau-GFP. (A) Eleven restriction enzymes were used as shown for 
restriction digestion of pLhx5-tau-GFP DNA, and (B) the restriction map of 
pLhx5-tau-GFP is shown. The sizes of the restriction fragments obtained 
from agarose gel electrophoresis confirmed that the construct was intact. 
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/nock-in allele (essentially an Lhx5 null allele; Figure 11). 
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Figure 11. The schematic diagram showing the tau-GFP reporter knock-in 
via gene targeting at Lhx5 locus. The genomic organization of the mouse 
Lhx5 gene with five exons is shown in the top panel. Filled boxes, exons; 
arrow, transcription initiation site; ATG, translation start codon. The Lhx5 
gene targeting vector (pLhx5-tau-GFP) was constructed with the endogenous 
Lhx5 homology sequences flanking the IRES-tau-GFP reporter and the 
floxed neo^ cassette. The MCl-tk herpes simplex virus thymidine kinase 
expression cassette was inserted 3' downstream to the 3' homology arm of 
targeting for negative selection. This vector was linearized with Pmel 
restriction enzyme. For Lhx5 targeting, homologous recombination at the 
Lhx5 locus will replace the wild-type Lhx5 allele with the tau-GFP reporter 
to generate the Lhx5-tau-GFP knock-in allele, an essentially null allele as 
the Lhx5 protein coding sequences were essentially deleted. The 
IRES-tau-GFP reporter introduced both the novel Nco\ site and the HindlW 
site for genotyping by Southern hybridization analysis using 5' external 
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probe and 3’ external probe as shown respectively. Homologous 
recombinants can be identified by Southern hybridization analysis using 
Ncol digestion and the 5' external probe which hybridizes to a 10 kb or a 5.6 
kb fragment in the wild-type and targeted Lhx5-tau-GFP alleles, respectively. 
Homologous recombinants can also be identified by Hindlll digestion and a 
3’ external probe that hybridizes to a 13 kb or a 16.2 kb fragment in the 
wild-type and targeted alleles, respectively. H: Hindlll site; K: Kpnl site; N: 
Ncol site. 
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3.5 Discussion 
3.5.1 Use of recombineering-based approach to generate targeting 
vector 
As discussed in section 3.1, the relatively new approach of subcloning large 
segments of genomic DNA from bacterial artificial chromosomes (BAC) is 
based on the X phage-encoded Red recombination system, and is known as 
recombineering (Copeland et al. 2001). This alternative approach in contrast 
to traditional subcloning can facilitate construction of targeting vectors, 
which contain genomic DNA fragments as homology arms, by 
circumventing the demanding requirement for matching restriction enzyme 
sites in both cloning vectors and the DNA fragment to be subcloned. 
The construction of the Lhx5 targeting vector in this study can act as an 
illustrating example on recombineering-based subcloning. In this study, 
based on information from previous Lhx5 targeting, the sequence position of 
genomic DNA in Lhx5 gene for the homology arms has been identified, but 
these two genomic DNA fragments are contained in a mouse Lhx5 BAC 
clone (Zhao et al. 1999). Recombineering enables the retrieval of the 
specific genomic DNA fragments from the BAC into the retrieval vectors 
with PCR-amplified 5' and 3' retrieval arms, without the use of any 
restriction enzyme or DNA ligase, thus overcoming the limitation in 
subcloning when suitable restriction enzyme sites are not available. 
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3.5.2 Further generation of Lhx5-tau-GFP knock-in mouse 
The generation of Lhx5-tau-GFP knock-in mouse follows the procedure for 
that of Lhxl-tau-GFP knock-in mouse. Using the Lhx5 targeting vector 
(pLhx5-tau-GFP), the IRES-tau-GFP reporter can be “knocked-in’’ to the 
Lhx5 locus at precise location by homologous recombination in ES cells. 
Subsequently, the homologous recombinants can be selected for expansion 
and injection into host blastocyst for production of Lhx5-tau-GFP knock-in 
mouse as described in section 2.7.3. 
Once generated, the knock -in mouse can serve as a tool for in 
vivo study of Lhx5 functions. In fact, this knock-in mouse can also be 
immediately applied to address biological questions regarding the survival 
and/or maintenance of Purkinje neuron in neonatal and adult mouse 
cerebellum, according to the strategy involving the Cre/loxP approach and 
the generation of two novel compound mutant mice, since the Lhx5-tau-GFP 
allele is also essentially an Lhx5 null allele. Similar to the Lhxl-tau-GFP 
allele as discussed in section 2.9.1, the Lhx5-tau-GFP allele can also provide 
an alternative reporter enabling the visualization of living Z/zxJ-expressing 
Purkinje neurons. Fitting the knock-in mouse into a specific 
breeding program, the two final compound mutant mice thus generated will 




Conclusion & Future perspectives 
4.1 Conclusion 
In this study, an Lhxl-tau-GFP knock-in mouse (Lhx严was generated, 
in which an IRES-tau-GFP reporter was introduced into the Lhxl locus by 
means of gene targeting and simultaneously deleting the Lhxl encoding 
sequences in one Lhxl allele. Hence, the tau-GFP expression was put under 
the control of the endogenous Lhxl promoter, and this has become the Lhxl 
transcription reporter. GFP fluorescence imaging of mouse cerebellar 
sections detected tau-GFP expression in Z/2x7-expressing Purkinje neurons. 
The 丄/zx/au-GFP/+ mice were also fertile and behaved as normal. Our data 
showed that the Lhx严�例 + mouse is applicable as a tool for study of Lhxl 
functions in Purkinje neurons in mouse in vivo, which provides an 
alternative tau-GFP reporter to open up opportunities for live imaging of 
Z/zxl-expressing cells to yield valuable real-time information during 
development. 
4.2 Potential applications of Lhxl-tau-GFP knock-in mice for study of 
Lhxl and other gene functions in cerebellum 
The literature review of Lhxl functions in mouse showed that Lhxl is an 
important regulator in a plethora of developmental processes. The 
Lhx严-G刚 + mouse generated in this study provides the Lhxl-tau-GFP allele, 
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which is a null allele with tau-GFP reporter function driven by Ihc 
endogenous Lhxl promoter, thus various aspects in the development of the 
Purkinje neurons can be investigated by direct illumination of the tau-GFP 
labeled cells via CLSM coupled with an organotypic cerebellar slice culture 
system. The Lhx产-。账 mice can be crossed with the Lhxl conditional 
mutant (Lhxl 似泣、(Kwan and Behringer 2002) to generate the 
丄 c o n d i t i o n a l mutant in which the Z/2x7-floxed allele can be 
deleted in vivo by subsequently crossing this animal with a tissue-specific 
Cre transgenic or knock-in mouse line. Time-lapse experiments using CLSM 
can be applied to monitor the consequences in neuronal survival, 
maintenance, axonogenesis and migratory behaviours in the nascent Purkinje 
neurons such that a comparison between normal and Lhxl/5 double 
knockout cerebella at embryonic, neonatal or mature stage can be made. The 
Lhxl—…丨 mice can also be crossed with the reeler and scrambler mutant 
mice which exhibit Purkinje neuron displacement (D'Arcangelo et al. 1995; 
Goldowitz et al. 1997), as well as with the Purkinje cell degeneration (pcd) 
mutant mice, which are characterized by postnatal death of virtually all 
Purkinje neurons (Rong et al. 2004), to further elucidate the developmental 
events leading to the mutant phenotypes in the Purkinje neurons in these 
mutants. Similarly, since the Lhx 产聰 mice can provide the 
tau-GFP-labelled Purkinje neurons, the functions of other PC-specific gene 
in PC development such as the forkhead transcription factor Foxp4, which 
has been recently shown to be essential for the maintenance of dendritic 
arbor in the postnatal Purkinje neurons (Tarn et al. 2011), can be further 
investigated by knockout or knock-down of Foxp4 in the Lhx严 
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cerebella. This may reveal previously undiscovered details with high 
resolution during dynamic developmental stages of the Purkinje neurons, for 
example, during their migration and subsequent differentiation. In addition, 
the 丄 m o u s e embryonic stem cells generated in this study can also 
be applied for studies of in vitro differentiation of Purkinje neuron, in which 
the tau-GFP reporter can be expressed upon induced differentiation of the 
Lhx产-G则 + mESCs in vitro as early as at E5.5, in parallel to endogenous 
Lhxl expression in developing mouse embryo. 
4.3 Potential applications of Lhxl-tau-GFP knock-in mice for study of 
Z/ix7-expressing cells development 
In addition to Purkinje neurons, real-time tracing of other tau-GFP labeled 
Z/2x7-expressing cells can be made possible with this Lhx严则 + mouse. 
The use of this tau-GFP labeling rather than previously used tau-lacZ 
labelling enables real-time and further repeated observation of the same 
Z/zx7-expressing cells during their dynamic migration in development. In 
light of this, several tissues or organs with Lhxl expression can be 
considered for investigation via the organotypic culture of the organ explants 
provided by this Lhxl-tau-GFP mouse, which will be discussed in the 
following text. 
(1) Retina 
As discussed in section 1.1.2, apart from cerebellar Purkinje neurons, the 
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retinal horizontal cells (HCs), which are retinal inlerncurons, also 
specifically express Lhxl as the key regulator for their proper positioning to 
the pre-determined horizontal cell layer in the developing retina (Poche et al. 
2007). However, the downstream gene products that are controlled by Lhxl 
and the mechanism responsible for this 1/2x7-directed cell motility remain 
unknown. In addition, since HC migration was recently suggested to be a 
two-step bidirectional process, the Lhx产仲件 mouse can provide the 
tau-GFP labeled retinal HCs for time-lapse imaging in organotypic culture of 
mouse retina to provide valuable evidence to support this bidirectional 
model of HC migration (Poche et al. 2007; Xin et al. 2007). 
(2) Kidney 
As discussed in section 1.1.2, tissue-specific conditional inactivation of Lhxl 
activity had been used to study the functional requirement of Lhxl in the 
ureteric bud (UB) and the metanephrogenic mesenchyme (MM) in their 
reciprocal interaction for the formation of nephrons, the functional units of 
the kidney. Lhxl-lacZ had been used as the genetic reporter to follow the 
Lhxl expression in the developing metanephros in the Lhxl knockout 
mutants (Kobayashi et al. 2005). In the Lhx产-哪 + mouse, the expected 
tau-GFP expression in the branching UB and the MM enables the real-time 
monitoring of the sequential events involved in the complicated nephron 
formation. Given the recently reported method for organotypic culture of 
mouse embryonic kidney, the Lhx严-GFP/+ mouse generated in this study can 
be applicable for further elucidation of role of Lhxl in the sequential and 
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tissue-interactive nephron morphogenesis during kidney development 
(Sebinger et al. 2010). 
(3) Anterior visceral endoderm (AVE) 
The functional requirement of Lhxl in the anterior visceral endoderm (AVE), 
which is a functionally significant organizing centre during mouse 
gastrulation, for development of anterior head structures was previously 
demonstrated by the lack of anterior head structures in the Lhxl null mouse 
mutants (Shawlot and Behringer 1995). In the L h x 严 u 侧 + mouse, live 
imaging of the tau-GFP labeled Z/zx7-expressing endodermal cells can 
greatly facilitate the analysis in the morphogenetic cell movement during 
early embryonic stages. Coupling with the reported method for in vitro 
culture of mouse embryos at post-implantation stages, the Lhxl^ ^ '^'^ ^ '^^  
mouse generated in this study can be applicable for further study of the 
impact of loss of Lhxl activity resulting in the defective head development 
of Lhxl knockout mutants (Sturm and Tarn 1993). 
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